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CHAPTER  IV 


ANTENNA  SYSTEMS.'  ChKTR  LLIKO  ANTENNA  a ATTIRES  ' 

1.  Purposes  of  Antennas  and  Their  Principal  Parameters 
'jenersl  Information 


Shipboard  radar  cntennsr.  receive  and  transmit  electromagnetic  enerpy. 
Their  T.-in  nurpose  is  to  convert  high  freouency  current  energy  into  radio¬ 
wave  energy  and  the  reverse,  convert  the  energy  of  sn  incoming  signal  into 
high  freouency  current  energy. 

In  addition,  an  antenna  is  reouired  to  concentrate  source  energy  in 
space,  o  fact  neces-itated  bv  the  requirement  to  extend  the  effective  range 
of  action  of  the  equipment,  and,  secondly,  by  the  need  for  spatial  selecti¬ 
vity  of  detected  objects.  Sometimes,  antennas  are  designed  to  produce  a 
rational  redistribution  o?  energy  in  apace,  as,  for  example,  when  providing 
uniformity  of  signal  po*er  in  reception  at  different  angles  of  site  from 
a  radar  target. 

The  essential  parameters  of  an  antenna  are  governed  by  the  puroose  for 
which  the  radar  unit  was  designed. 

Basic  Antenna  Parameters 

The  antenna  of  a  shipbr.rne  radar  unit  is  characterized  by  a  number  of 
electrical  and  structural  parameters. 

The  elecrical  parameters  include  the  following: 

—  arolitude  rad'ation  pattern; 

—  ohase  radiation  pattern; 

—  colonization  characteristic; 

—  inout  imoedance; 

--  coefficient  of  directivity  (or  the  effective  absent  ion  area  of 
a  receiving  antenna); 

—  radiation  efficiency;  _ _ 

—  transnisi  on  frequercy  characteristic;  Reproduced  from 

—  effective  transmitted  cower;  ^beti  evaifebltjcopyjj^ 

—  scanning  beam  freouency  and  scanning  arc. 

•,e  structural  •  -’"••meters  include  the  following: 

—  ty;e  of  sntenna  focusing  element  (reflector,  lens,  etc)  and 
antsnna  exciter; 

—  basic  antenna  dimensions  (height,  width,  and  sw«en  radjns); 

—  m-’tual  dv  •  .ion  of  er»+enna  elements; 
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—  antenna  speed  of  rotation  and  scanning  arc  in  the  horizontal  and 
vertical  planes; 

—  the  oresence  of  a  radar  dome; 

—  weight  of  the  antenna; 

—  tyne  of  stabilization  system  use. 

The  electrical  parameters  of  the  antenna  are  closely  related  to  its 
structural  features. 


2.  Electrical  Parameters  of  Antennas 
Amplitude  and  Phase  Patterns 

The  law  governing  the  distribution  of  a  field  radiated  into  SDace  in 
the  different  directions  cp,  Q  (IV. l)  is  illustrated  by  the  antenna's  ra¬ 
diation  pattern. 

The  composite  amplitude  of  directivity  of  an  electrical  field  of  any 
radiator  with  finite  dimensions  at  on  arbitrary  point  M  in  a  far  zone  is 
determined  by  the  expression 

E  «  i  f  { o)  e-ikrf  (I7#1) 

in  which  r 

A  is  a  constant  usually  taken  as  the  amplitude  of  the  current  at  a 
certain  point  of  the  antenna;  r, <p  ,  0  are  the  coordinates  of  a  spherical 
system  of  coordinates  which  determine  the  position  of  a  distant  point  of 
observation  M  in.sp-ce;.  k  ■  2  n/K  is  the  wave  number;  f  (<p,  0)  « 

“  f  (  0  )  e^  ^  <r  »  "'is  8  certain  conplex  function  defending  on  the 

•lesirn  of  a  oarticular  antenna,  which  at  r  »  constant  determines  the 
r*r  ■  -t ion  '•>',+orn  of  the  antenna. 


^ig.  "r',\  1.  Spherical  system  of  coordinates 

The  not  ulus  o*  toe  function  f ( »  ®)>  which  determines  the  rela¬ 
tionship  or  *  he  a  - 'litude  of  *he  antenna  field  voltage  (at  ooints  in  the  far 
zone  equidistant  from  it}  to  the  direction  of  observation  is  called  the  an- 
1  *•  u-  amplitude  charac* eristic  or  radiation  pattern.  fieometrically,  it  is 
formed  bv  *ne  surface  cercribcd  by  the  end  of  the  radius  vector  T  of  a  /271? 
s  •Srrical  rvstep  <;f  coo -d :  ns  ‘  os  •••ho  e  magnitude  is  nroport  tonal  to  the  aro- 
-'litade  o1'  hhe  field  voltage  produced  by  the  antenna  in  a  given  direction. 


Ain-.  jariSfe-intei: 


I 
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Spatial  radiation  patterns  are  not  convenient  to  describe  a  situation 
hence  plane  diagrams  are  most  frequently  used.  These  diagrams  lie  in  sec¬ 
tions  of  a  spatial  diagram  which  are  formed  by  planes  nosing  through  the 
directions  of  maximum  radiation.  Two  mutually  perpendicular  planes  are  £~27t> 
selected  for  this  purpose.  In  the  case  of  linear  polarization  one  of  these 
planes  coincides  with  the  plane  of  polarization  and  is  referred  to  as  the 
'£  plane,  and  the  other  is  called  the  1!  plane. 


Pl-nar  radiation  patterns  are  representated  in  a  polar  or  rectilinear 
system  of  coordinates,  '’'hen  den ic ted  in  a  nolar  system  they  offer  a  more 
effective  visual  representation,  whereas  in  a  rectilinear  system  they  insure 
greater  accuracy. 


Antennas  with  multiple  lobed  radiation  patterns  ere  most  comnonly  used 
in  shipbome  radar.  The  princioal  indicators  of  a  multi ple-lobed  radiation 
oattern  are  the  width  of  the  major  lo‘  e  nt  the  half  Dower  points  of  measure¬ 
ment  20Q, dp  the  width  of  the  major  lobe  at  zero  points  2  Oq  >  8nd  the 

level  of  the  side  lobes  close  to  the  major  lobe. 


Ordinarily,  a  standardized  amplitude  oattern  of  directivity  is  used 
that  is  represented  by  the  formula 


r  ( <p,  e  )  «* .a-9.?. 


(IV.2) 


max 


The  maximum  value  of  the  standardized  pattern  F  (<f>  ,  9)  is  equal  to  unity. 


Not  infrequently,  the  following  power  radiation  pattern  is  used 


Fp  (9 , 9)  «  F2  (<P , 9). 


To  describe  a  pattern  of  directivity  with  very  low  level  side  lobes  use  is 
made  of  the  logarithmic  scale  in  which  the  function  F  (  ,  0)  is  measured 

in  decibels 

f  (cp  ,  e)  -  10  lg  Fp  ( qp ,  e)  -  20  Ig  f  (cp  ,e). 


Antennas  in  which  one  of  the  plane  diagrams  is  close  to  circular  in 
“onr.  ?re  used  in  radio  navigation,  and  antennas  with  needle-shaped  patterns 
(with  aporoxiraately  the  same  directivity  in  both  planes)  are  used  in  sets 
for  tracking  targets  by  two  angular  coordinates.  •  -hen  it  is  necessary  to 
determine  only  one  angular  coordinate,  antennas  with  fan-shaped  radiation 
oatteros  are  used. 


Tr.e  ohase  oattern  of  directivity  d>(<p,  8)  characterizes  the  rela¬ 
tionship  op  tne  h«se  o»’  the  radiated  field  to  the  direction  st  an  er.u&l  dis¬ 
tance  from  the  antenna.  This  Dattern  can  also  be  regarded  as  the  geometric 
nos i linn  of  joints  in  the  far  zone  in  which  the  field  intensity  is  of  $77 
the  s*me  phase.  This  kind  of  a  distribution  coincides  with  the  wave  front 
or  eq’ti-phaso  surface  conceot.. 


The  antenna  Dhase  pattern  equation  may  be  written  as 


(•produced 
>«St  6V*il»t 


&va)labl«  copy. 


T)(f f.  0 


(IV.3) 


in  which  Dq  is  the  distance  in  t  he  direction  <jp-0«Ojk*2n  /X 
is  the  wave  number; 


If  eouation  (IV. 3)  describes  the  surface  of  a  sphere,  the  antenna  can 
be  regarded  as  a  ooint  source  radiator,  and,  therefore,  the  center  of  the 
sphere  is  the  phase  center  of  the  antenna.  Generally,  the  phase  pattern 
will  differ  from  the  spherical  pattern,  and  in  such  case  the  phase  center 
is  missing.  In  linear  antennas  the  phase  center  is  disposed  in  the  center 
of  the  antenna  with  an  even  distribution  of  current  amplitude  relative  to 
the  antenna  end  with  a  zero  phase  distribution  /5o /. 

If  there  is  no  Dhase  center  a  piecemeal  ap  roximation  of  the  antenna 
phase  diagram  can  be  achieved  by  means  of  portions  of  several  spherical  sur¬ 
faces  with  their  own  phase  centers. 

Like  the  si.plitude  radiation  patterns,  phase  patterns  are  depicted 
in  the  principal  planes.  The  planar  phase  pattern  of  a  multiple  lobed  an¬ 
tenna  is  step-shaped  in  character  since  the  field  phase  changes  abruptly  bv 
180°  on  transitting  through  aero  radiation. 


Polarization  Characteristics  of  an  Antenna 

The  antenna  field  also  has  the  ouality  of  polarization,  i.e.  time  change 
in  direction  of  the  voltage  vector  of  the  electrical  field  in  a  plane  per¬ 
pendicular  to  the  direction  of  wave  propagation.  The  kind  of  polarization 
depends  on  the  type  of  antenna  used  and  its  orientation  in  space.  Oenerally, 
the  antenna  has  elliptical  polarization  when  the  hodogreoh  of  the  E  vector 
is  in  the  form  of  an  ellipse  (fir.  IV.  2). 

1  ne  '’ielo'  of  elliptical  can  be  represented  as  the  sum  of  two  coherent 
orthoronel,  linearly  polarized  fields  %  and  E-,  shifted  in  phase  by 
?>nrle  S  •  ™ 


Toe  elliptical  polarization  equation  which  combines  t  he  instant aneous 
va'.ues  of  the  ortnoronal  components  Gq  and  e®  appears  as 


2  cos  6  =  sin1 6. 


(iv. U) 


From  (IV.J4)  it  follows  that  when  <5  ■  nf|  (  n  »  0,  1,  2,  ...)  the  field 
has  linear  polarization,  and  when  o  ■  (2n  +  l)  fl/2  and  E  e  »  Eq> 

The  polarization  of  an  antenna  field  is  characterized  by  the  coefficient 
of  polarization  p  "nd  the  angle  of  inclination  CL  of  the  large  axis  of 
the  ellipse  relative  to  the  horizontal  angle  «(p  . 


The  coefficient  of  polarization  is  eousl  to  the  ratio  of  the  small  semi- 
axis  b  of  the  ellinre  to  the  l^rge  semi-axis  a 


/  |  q:  •-  f  (1  —  q-Y- i-  49*  cos'  6 

V  H*  q*  -b  i'/ (I  -  qi)'-'+TqrcojT  ’ 
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(IV. 5) 


ia^vs-.v^. 


in  which  q  •  Ejp  /Eri  , 

The  sngle  of  inclination  of  the  large  axis  of  the  ellipse  is  determined 
by  the  formula 

o  «■  arcfg  q.  (IV.6) 


Coefficient  of  Antenna  Directivity 

The  coefficient  of  directivity  is  used  for  total  evaluation  of  an 
antenna’s  directional  properties.  It  shows  how  much  greater  is  the  power 
'  the  radio  signal  at  a  certain  point  in  sdpcs  radiated  by  a  directional 
«,rttenna  than  that  of  a  signal  radiated  by  an  omnidirectional  antenna  at 
that  same  point  with  the  same  amount  of  power  fed  to  the  antennas. 


The  magnitude  of  the  coefficient  con  be  computed  by  the  following 
formulas: 


G(< f,  0)  - 


.  p*  W.  6) . 


W,  o')  =  ~ 

J  o)*tae<*)<*r 


(IV.7) 


i 

r 

I 


in  which  Py  (<p  ,  6)  is  the  oower  of  radiation  of  a  directional  sptenna; 

?0  is  the  power  of  radiation  of  an  omnidirectional  antenna;  P  (<p  ,  8‘) 
is  the  value  of  the  radiation  pattern  in  the  direction  <p* ,  6*;  and  F  (Cp,  0) 
is  the  standard  field  radiation  pattern. 

4 

Sometimes,  nnotho-  parameter  is  used  in  technical  literature  to  de¬ 
scribe  the  directional  properties  of  antennas  —  the  coefficient  of  direc¬ 
tivity  relative  to  the  half-wave  dipole  0  K/2  /279 
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r  ft,  (»P.  ®) 

°)  -7>,_'^7oy 


(IV. 8) 


in  which  P  A/2  ( <J>  ,  9)  is  the  radiatinr  nower  of  the  half  wave  dipole. 


If  the  coefficient  of  directivity  of  the  dipole  relative  to  the  omni¬ 
directional  antenna  (isotronic  source)  is  rnual  to  1.61*  it  follows  from 
esf»resgion  (IV.  8)  that 

'  G(vf>,  0)  =  1  .G  ifi;./;  <»,  0). 


The  magnitudes  of  the  coefficient  of  directivity  defends  c>  ly  on  the 
amplitude  characteristic  of  antenna  directivity,  and  its  maximum  value 
coincides  with  the  maximum  lobe  of  the  radiation  pattern 


*mx  2«  n 


s!n  0a&i!f 


(IV.  9) 


The  coefficient  of  directivity  of  the  antenna  in  any  direction  is 
found  using  the  formula 


0( 9.  9)  =  0injJ:i  Op,  0). 


(IV.  10) 


The  srnoh-snalytic  method  (cf  "art  I,  Chap,  l)  is  frequently  used 
to  ret  an  av'roximate  value  of  the  coefficient  of  directivity;  it  consists 
cf  oooroximations  of  the  diagram  of  functions  of  F  (<p  ,  9)  which  make  it 
possible  to  compute  the  integral  (IV.  7).  In  a  case  where  it  is  difficult 
to  select  an  approximating  function  the  integral  is  resolved  by  the  numeri¬ 
cal  integration  method. 

If  the  radiation  pattern  is  approximated  as  an  ellipsoid  of  rotation 
with  semi-axes  a,  b,  and  c  the  maximum  coefficient  of  antenna  directivity 
c--r.  be  determined  from  the  following  formulas 

’  t>\ 

•  _ _ 4  (<»-») _ 

'w-  ,  i+j/7rzT r  ♦ 


if  I  <1 


•  ^  •  |n  *  x  y  » 

2t  V"F^1  t  -  K/xrf 


4  (»-<«) _ 

»  ”  ¥  \  ~i* 

tVT^T*  ,rc  e  t 


where  t  —  |- PeP*»  ?i  —  alb.  pt  **  ale. 

Input  Irrmedance  and  Antenna  Radiation  Resistance  £ 2fi0 

The  concept,  "antenna  radiation  resistance"  Is  used  in  determining  the 
radiation  oowar  of  antennas  consisting  of  thin  leads  with  a  current  of  I8r. 

As  far  a*  the  transmitter  is  concerned  the  antenna  of  a  radar  set  is  consid¬ 
ered  a  complex  load  ”hose  res' stance  *  Rgx  +  jXpx  if  termed  the  input 
impedance  of  the  antenna.  The  active  co*mpcnent  RBX  characterises  the 


si8b®pb*s?5®*bsb$»5S!S^  ~K‘W^*S***': 


active  pownr  required  (radiated)  by  th-.*  antenna,  while  the  reactive  component 
characterizes  the  reactive  power  of  the  field  which  oscillates  between  the 
antenna  and  the  field  of  the  nntrnna  near  zone. 

The  energy  »  ^uired  by  an  antenna  is  expended  for  radiatina  and  to  over¬ 
come  losses  due  to  heating,  ionization,  and  the  like.  Therefore,  the  active 
resistance  -if  an  antenna  will  be  made  up  of  radiation  resistance  Rx  and 
loss  resist.-,  nees  R_  .  Radiation  power  is  related  to  radiation  resistances 
by  ine  formula  , 

p*=~rRz‘  (iv.  11) 


The  power  emitted  by  the  antenns  is  determined  by  the  expression 

2 «  a 


AJJ«r. 


0)  sin  0d  0  n’q . 


Cy  ..instituting  we  ret  the  following  results 


/?v  =  -f4rJ  0)sln0d0dq;. 


(IV,  12) 


(IV.  13) 


In  the  case  of  a  Hertz  dipole  of  length  1  the  field  intensity 
°nplitude  is  equal  to 


the  amplitude  function 


E  « sin  0, 


/(‘l-.0)  =  -^— sinO. 


.-nd  the  radiation  resistance  will  be 


Rz  =  80n: 


(IV.  lit) 


The  maximum  coefficient  of  directivity  is  related  to  the  radiation 
roci stance  by  an  expression  of  the  type 


fi 

e •  _  'max 

Ufrt«  -  1jo/?7  ‘ 


(IV.  15) 


Radiation  Efficiency  and  Antenna  Gain  [2%\ 

The  efficiency  of  an  sntenna  7jL  is  a  term  ap  >lied  to  the  ratio  of 
radiation  power  (useful  oower)  to  the  power  applied  to  the  antanne  (total 
power) 


l‘z  '•  \  *1*  &u 


(IV.  16) 


v*r 


Antenna  gain  g  is  the  product  of  the  coefficient  of  directivity 
and  the  efficiency  of  the  antenna 

S  =  Oti.  *  (IV. 17) 

In  the  case  of.  ehipborne  radar  antennas  ^  as  f  and,  therefore,  g  &  Q» 

Determination  of  gain  is  of  special  importance  in  the  study  of  antennas. 
This  parameter  02*1  be  measured  in  three  different  ways. 

The  first  method  consists  in  comparing  the  power  of  the  signal  received 
P  by  the  antenna  ,mdvr  consideration  with  that  received  by  a  standard  antenna 
whose  gain  g  5  is  known. 


The  second  method  is  based  on  the  use  of  two  similar  antennas  with 
unknown,  though  equal,  coefficients  of  amplification.  One  antenna  is  used 
to  transmit  the  signal  and  the  other  is  used  to  receive.  If  the  distance 
between  the  antennas  is  D  the  wavelength  is  X  ,  the  power  at  the  input 
to  the  receiving  antenna  is  Pftg>,  and  the  power  at  the  output  of  the  trans¬ 


mitting  antenna  is  P 


then 


The  third  method  is  a  modification  of  the  second.  One  antenna  is 
re'-lpced  'ey  an  ideal  flat  screen  placed  at  a  distance  of  D  ■  8  /jf^from 
the  antenna  beinp  examined,  where  JQ  is  tho  size  of  the  antenna  aperture. 
The  cross  section  of  the  screen  h  8  A  •  A  metering  line  is  connected 
‘•njo  the  waveguide  circuit  to  measure  the  traveling  wave  coefficient  ktf" . 
Antenna  gain  ia  determined  by  the  formula 


8 


to 

T 


dY^S-. 


(17.18) 


*-*»(-}?*)• 


(17.19) 


Antenna  Passband 

The  radio  signal  radiated  and  received  by  the  antenna  of  a  shipborne 
radar  unit  is  polychromatic,  and,  therefore,  has  a  certain  frequency  spectrum. 
An  antenna  responds  in  different  ways  to  the  electromotive  force  effect  of 
different  frequencies,  hence  it  can  distort  the  incoming  signal.  The  bpnd 
of  frequencies  in  which  the  electricpl  parameters  of  an  antenna  respond  to 
certain  requirements  is  termed  the  antenna  passband  or  the  operating  band 
in  which  the  electrical  parameters  of  the  antenna  are  responsive  to  the 
requirements  set.  Essentially,  these  parameters  include  the  input  ispedance 
k^*),  directional  properties,  and  the  polarization  of  the  radiated 

wave . 


8 


1  -• 


.  1  < 


The  psssband  is  determined  by  the  frequency  characteristic,  i.e.  by 
the  relationship  of  the  electrical  parameters  of  the  antenna  to  the  fre¬ 
quency. 

In  the  case  of  long  wave  antennas  —  usually  consisting  of  thin  wires  — 
The  frequency  characteristic  is  the  relationship  of  the  current  amplitude 
at  antenna  input  to  the  frequency  Igx  ( U)  )  at  constant  input  voltage. 

The  passbsnd  is  computed  at  the  0.70?  I^x  ^ax 

In  the  centimeter,  decimeter  and  millimeter  wave  bands  where  the  con¬ 
cept  of  antenna  current  loses  its  definiteness  the  operating  range  of  the 
antenna  is  found  by  means  of  the  functional  relationship  *•  f  (0) ) . 


Changes  in  the  frequency  of  the  feed  voltage  leads  not  only  to  changes 
in  Z.jx  but  also  results  in  a  redistribution  of  current  in  the  antenna, 
which,  in  turn,  involves  changes  in  the  radiation  pattern  and  the  coefficient 
of  directivity.  Accordingly,  we  hsve  the  concept  of  a  passband  for  the 
radiation  pattern  and  for  the  coefficient  of  directivity. 


Parameters  of  a  Receiving  Antenna 


The  parameters  of  receiving  antennas  include  effective  absorption 
area,  coefficient  of  effectiveness,  and  noise  temperature. 


The  receiving  antenna  may  be  regarded  as  an  absorber  of  the  energy 
of  an  incident  wave,  therefore  we  introduce  the  idea  of  an  active  or  ef¬ 
fective  antenna  absorbing  surface,  similar  to  the  concept  of  effective 
length  in  linear  antennas. 


The  effective  area  of  a  receiving  antenna  A  34.  (m2)  is  determined  by 
the  ratio  of  the  power  received  by  the  antenna  P  (watts)  to  the  density  of 
the  electromagnetic  field  of  tha  incident  wave  S  (watts/m2). 


Different  portions  of  the  antenna  receive  and  transform  the  energy  of 
an  incident  wave  in  different  ways,  consequently,  the  effective  area  A  34> 
will  not  be  equal  to  the  geometrical  area  of  antenna  aperture  A.  The  ratio 
A**/  A  is  referred  to  as  the  coefficient  of  utilization  of  an  antenna 
surface.  Antennas  with  flat  radiating  apertures  are  used  in  ehipborne 
radar.  For  such  antennas  [2 83 


j  E  (x,  y)  dxdy 


(IV.  20) 


(x,  j/)\*dxdy 


and  the  coefficient  of  utilization  of  antenna  surface  is 


1  V)dxdy\ 

p  =  -  L~ - i- 


(IV.  21) 
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in  which  K  (x,  y)  is  the  value  of  the  field  in  the  antenna  aperture, 

II  follows  that  0  <Ai  ^1.  The  limiting  value  of  the  coefficient/!  *  1 
occurs  at  a  uniform,  phased  distribution  of  the  field  in  the  antenna  aper¬ 
ture. 

Since  the  efficiency  of  an  antenna  durine  reception  7^a  is  not  equal 
to  100o  we  Introduce  a  parameter  known  as  the  coefficient  of  effectiveness 
for  use  in  evaluating  the  receiving  qualities  of  an  antenna 


q  =  ud»* 


(IV.  22) 


The  relationship  between  the  parameters  of  an  operating  antenna 
during  reception  and  transmission  is  established  by  the  formulas: 


4a  .  4;t  . 

x  ~  -p-  Aji  ~  -p~ 

Gmx  --  JT- 


(IV.  23) 
(IV.  2k) 


Due  to  the  employment  of  very  sensitive  receivers  in  radar  work  the 
range  of  operation  of  radar  eouipment  —  and  this  includes  radio  sextants  — 
is  restricted  by  the  level  of  interior  and  exterior  noises.  The  latter  are 
due  to  the  thermal  movement  of  electrons  in  the  conducting  portions  of 
the  antenna. 

The  magnitude  of  thermal  noises  is  determined  by  Boltzmann's  equation 

in  which  ?oj  is  the  magnitude  of  the  noise  in  watts j  k  «  1.38  •  10“2^ 
.louies/degree  —  Boltzmann's  constant,*  T  is  the  temperature  of  the  noise 
source;  and  ^  f  in  the  receiver  passband. 

It  is  therefore  convenient  to  use  the  antenna  noise  temperature  oara- 
meter  ?a.  It  represents  the  mean  temperature  intensity  of  the  surrounding 
soece  'with  respect  to  antenna  directivity  and  is  determined  by  the  integral 

C s7  ’ 

Ta  ==  [  G (fp,  0)  T  (cp,  0)  (IV.  25) 

■)« 

in  M.ich  T  (qp,  is  the  temoerature  of  space  in  the  cp  ,  &  directions; 
0  (  cp  ,  •*)  is  the  coefficient  of  antenna  directivity  in  the  same  direction. 

if  U>r’  'titenn.-1'  has  inherent  losses  the  useful  signal  anc  the  noise 
level  relied  to  the  propagation  of  radiowaves  will  decrease  while  the  thor- 
mrl  n  tser  of  the  antenna  will  increase. 


The  resulting  noise  temperature  of  the  antenna  with  losses  Ts 
determined  from  the  expression 


is 


Reproduced  from 
bos!  availa bje  copy. 


7p.x~n,Tt  +  0-'U)T, 


(IV. 26) 
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i:  lr:c  tCivporature  of  the  space  surrounding  the  antenna. 

10 


rJ 

$ 


-  a  afctu&Sa 


■  ftk 


Because  of  the  irregular  distrib'tion  of  the  luminance  temperature  in 
soace  the  temperature  Ta  deoends  to  a  considerable  degree  on  the  orientation 
of  the  antenna,  the  width  of  the  main  lobe,  and  the  side  lobe  level  of  the 
antenna  radiation  pattern. 

The  surface  temperature  of  the  earth  is  T  155 3r>0°K j  in  the  ionized  2- 
layer  it  is  300  -  U00°X;  in  the  F-layer  it  is  1000  -  2000°K;  and  the 
temperature  of  the  sun  and  certain  discrete  sources  of  cosmic  radiation  is 
10«  -  10^  degrees  Kelvin. 

For  sharply  directional  antennas  with  orientation  toward  the  zenith 
on  wavelengths  of  ^<1  m  Ta:^10-X  with  the  antenna  beam  oriented  along 
the  surface  of  the  earth  the  noise  temperature  of  the  antenna  increases 
up  to  l*0°K. 

To  lower  the  antenna  noise  temperature  it  is  necessary  to  constrict 
the  major  lobe  of  the  radiation  pattern,  lower  the  side  lobe  level,  and  in¬ 
crease  the  efficiency  of  the  antenna-waveguide  circuit. 


Characteristics  of  Shipboard  Antennas 
Classification  of  Antennas 

Antennas  presently  used  on  ships  can  be  divided  into  six  groups. 

1.  Doublet  types  whose  elements  consist  of  dioolas  made  of  thin  wire 
or  tubing  (in  the  first  case  the  diameter  of  the  wire  is  considerably  less 
than  the  wavelength,  -nd  in  the  second  case  it  is  commensurable  with  the 
wavelength) . 

2.  Slotted  antennas. 

3.  Horn  antennas  consisting  of  metallic  horns  of  various  shapes.^ 

U.  Antical  antennas,  reflector  and  lens  tvnes.  /26b 

v.  Antennas  with  rotating  (circular)  ool -r* zation,  both  helical  and 

horn. 

Surface  wave  antennas  —  dj electrical  rod  and  Hat  antennas  with 
Hbhod  structure  or  a  dielectric  covering. 


Doublet  Antennas 

i 

Included  among  r‘ 'ublet  antennas  are  tho:  e  made  in  the  form  of  dipole 
arra/r  'multielement  ar-av  ariionras)  and  wsve  duct,  tyoe  antennas.  Both 
types  of  systems  are  w*dely  used  in  detection  radar  equipment  and  in  televis¬ 
ion  set  in  the  decimeter  and  meter  wave  bends.  They  consist  of  a  combina- 
1  ion  of  discrete  rad’ -tors  in  the  form  of  a  nunbe  of  active  and  pasrive 
dipoles.  In  contrast  to  phased  multielement  array  antennas  "wave  duct"  . 
->ntennas  arc  exciiod  with  a  shift  in  phase.  Current,  amplitudes  in  the 
diooles  ere  not  equal. 


Slotted  Antennas 


Slo1  ted  antennas  are  used  in  detection  radar  sets  and  in  navigation 
eouipment.  They  are  convenient  to  use  because  of  their  small  slate. 

Slotted  antennas  are  made  in  the  form  of  waveguides,  rectangular  or 
circular  in  cross  section,  on  the  surfaces  of  which  slots  are  cut  of  a 
width  considerably  less  than  the  wavelength.  Narrow  dots  of  this  type  can 
be  regarded  as  linear  dipoles. 


Horn  and  Optical  Antennas 

Antennas  of  this  type  are  used  in  the  centimeter  and  millimeter  wave 
band  and  are  peculiar  in  that  their  dimensions  are  considerably  greater 
than  the  wavelength.  In  systems  of  this  type  the  radiation  field  is  formed 
not  by  discrete  radiators,  but  by  radiating  surfaces  —  by  a  wave  front. 

To  compute  the  radiation  field  of  antennas  that  produce  a  wavefront  we 
can  use  methods  borrowed  from  optics,  ss  well  as  those  employed  in  the  audio 
wave  band.  The  aooroximstion  method,  which  is  based  on  the  well-known 
Huygens  Principle  of  optics,  is  widely  used  in  designing  reflector,  horn* 
and  other  types  of  ■-'nt annas.  The  chief  advantages  of  reflector  and  horn  in- 
tennas  are  their  simplicity  of  design  and  the  low  side  libe  level. 


Dielectri c  Antennas  /286 

Because  they  are  portable  dielectric  antennas  can  be  used  successfully 
on  units  in  which  the  problem  of  decreasing  antenna  dimensions  is  inportant. 

An  electromagnetic  wave  prooagated  in  e  dielectric  medium  is  subjected 
to  considerable  absorption,  the  losses  being  greater  to  th  s  cause  with 
higher  fre- uency  of  oscillation  and  greater  field  strength.  Taking  this  fact 
into  account,  it  is  most  desirable  to  use  dielectric  antennas  in  the  deci¬ 
meter  wave  band.  Furthermore,  it  is  rather  difficult  to  obtain  narrow  patterns 
of  radiation  in  dieleciric  antennas.  For  that  reason  they  are  generally 
used  in  search  and  navigation  t.yoes  of  radar  equipment. 

The  electromagnetic  field  In  dielectric  antennas  is  excited  by  a  source 
1'ke  a  stub  or  t.he  onen  end  of  a  waveguide  ,  and  it  is  prooagated  along  a 
dielectric  rod  penetrating  throuph  the  open  surface  into  outer  soace. 


Surface  Wave  Antennas 

Surface  wave  antennas  consist  of  two  elements  —  the  exciter  and  director. 
The  excitcrr  in  surface  antennas  can  be  horns,  linear  dipoles,  or  a  series 
of  slots  fed  by  a  waveguide.  The  director  is  a  metallic  sheet  covered  with 
a  dielectric  of  certain  thickness  or  a  ribbed  surface.  The  directing  surface 
with  dielectric  layer  c~n  be  regarded  as  a  dielectric  rod  of  rectangular  sec¬ 
tion  disposed  on  a  metallic  surface.  Insofar  ss  the  nature  of  their  action 


\ 
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is  concerned  the  projections  of  the  ribbed  surface  are  similar  to  e  flat 
metal-dielectric  lens.  The  ribbed  structure  can  be  regarded  as  a  layer  of 
a  synthetic  dielectric. 

Surface  wave  antennas  are  similar  to  multi-dipole  aniennas  with 
axial  radiation;  they  differ  only  in  that  the  entire  directing  surface  of 
the  antenna  serves  as  the  radiator  and  not  its  individual  elements.  Thus, 
conversion  of  the  electromagnetic  radiations  of  the  exciter  into  a  surface 
wave  aids  in  inproving  the  directivity  of  radiation  conpared  with  the  di¬ 
rectivity  of  a  single  exciter. 

Due  to  retardation  of  the  wave  in  the  dielectric  layer  the  main  por¬ 
tion  of  the  energy  transmitted  by  the  wave  is  concentrated  in  the  immediate 
vicinity  of  the  antenna  surface,  and  it  increases  exponentially  as  one 
increases  the  distance  perpendicularly  from  the  surface.  In  the  process, 
the  energy  from  the  directing  surface  is  continuously  scattered;  in  other 
words,  a  diffraction  of  the  electromagnetic  wave  takes  plpce  on  the  surface 
of  the  director. 

Directivity  of  radiation  is  determined  by  the  length  of  the  wave  and 
the  structural  parameters  of  the  antenna,  i.e.  the  length,  width,  thickness 
and  dielectric  penetrance  of  the  layer  or  the  dimensions  of  the  ribbed  struc¬ 
ture  in  the  case  of  the  ribbed  surface. 

Because  of  t he  scread  out  design  and  comparatively  good  frequency  band 
characteristics,  surface  wave  antennas  can  be  used  as  low  profile  shipbome 
antennas,  especially  in  decimeter  bsnd  enuipraent.  /207 


Helical  Antennas 

Axially  radiating  sntennas  with  rotating  polarization  are  made  in  the 
form  or  metallic  helixes  with  high  conductance.  This  kind  of  radiating  sys¬ 
tem  c*n  be  fed  by  a  coaxial  cable  or  waveguide.  In  the  former,  the  helical 
conductor  is  connected  to  the  central  core  of  the  cable.  Given  the  specific 
rat ’o'-  fcet’-'oen  the  dimensions  of  the  helix  and  the  length  of  the  wave  (when 
tne  '’ongth  of  a  helical  co<l  is  approximately  eoual  to  the  length  of  the 
wave)  the  helix  becomes  a  longitudinally  radiating  antenna  and  its  field 
will  have  rotating  polarization.  The  direction  of  rotation  of  polarization 
is  governed  by  the  direction  of  the  winding  in  the  helix.  If  the  antenna 
radiates  a  levorotatory  field  of  polarization  it  will  not  receive  a  dextro¬ 
rotatory  field  and  vice  /ersa. 

The  radiation  pattern  of  a  helical  antenna  depends  on  the  number  of 
coils,  the  diameter  and  nitch  of  the  coil,  as  well  as  the  frequency. 

Helical  antennas  are  broad-banded:  their  input  inpedance  and  width  of  ra¬ 
diation  pattern  remain  stable  in  a  broad  band  of  frequencies. 

The  advantages  listed  in  the  foregoing  adapt  helical  antennas  for  use 
in  search  radar  equipment  in  which  it  is  most  important  that  the  antenna 
oysteras  operate  within  a  broad  band  of  frequencies  with  rotating  polarization. 
Because  of  considerations  of  design  helical  antennas  are  ured  in  decimeter 
waves  and  in  that  portion  of  the  centimeter  band  contiguous  with  the  deci¬ 
meter  band. 
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Multiple-Unit  Phased  Antennas 

With  the  development  of  electrical  methods  for  controlling  the  phase 
and  amplitude  of  the  antenna  radiation  field  (reference  is  made  to  the  use 
of  ferrite  and  semiconductor  devices)  it  is  now  possible  to  make  antennas 
in  the  form  of  a  system  of  phased  discrete  sources,  Bv  wav  of  elenentaiy 
sources  we  can  use  low  directivity  antennas  of  the  following  types:  half¬ 
wave  doublets,  slotted,  open  end  waveguide,  dielectric  rod,  8nd  other  kinds 
of  antennas „ 

The  chief  advantages  of  multiple  element  phased  antennas  include: 

1,  The  possibility  of  forming  in  the  same  system  of  sources  radiation  pat¬ 
terns  which  can  be  controlled  in  space  with  regard  to  shape  and  position. 

2.  Convenience  of  placement  and  installation  on  vessels  in  that  the  antenna 
oan  readily  be  pdapied  into  the  ship's  architecture  due  to  itB  design.  /?88 


#4.  Broadly  Directional  Antennas 
Linear  Dipoles 

In  the  meter  and  decimeter  band  of  radar  sets  symmetrical  (half  wave) 
and  non  symmetrical  (quarter  wave)  linear  dipoles  are  widely  used  as  indepen¬ 
dent  antennas  and  as  elements  of  complex  antennas.  ' 


The  intensity  of  an  electrical  field  of  radiation  of  a  symmetrical  di¬ 
pole  (volts /meter)  is  determined  in  accordance  with  the  following  formula 


60/,,/ _ ,in  cos  (A/ cos  0)—  cos  kl 

W'e  '  Mlf  0 


(IV.  27) 


in  which  D  is  the  distance  from  the  antenna  to  the  point  of  reception 
in  meters;  I0  is  the  current  on  the  dipole  terminals  in  amperes;  L  ie 
the  length  of  the  dipole  arm  in  meter?.,  0  is  the  sngle  measured  from  the 
dipole  axi3j  and  k  °  20  /%  is  the  wave  number. 

For  a  half  wave  dipole  (  2  1  =  0.£/\>)  the  standardized  radiation  pat¬ 
tern  is  determined  by  the  expression 

f(a|..  tm  (IT.  28) 

'  ;  co  ;  mu  m  c 

In  the  magnetic  plane  (the  plane  perpendicular  to  the  dipole  axis) 
the  dipole  does  not  have  directional  properties,  i.e.  F  (  4p  )  *  1  owing  to 
axial  symmetry. 


The  field  phase  of  a  symmetrical  dipole  is  not  a  function  of  direction; 
the  phase  center  is  located  in  the  center  cf  the  dipole.  The  current  in  the 
dipole  flows  in  a  straight  line  and  for  that  reason  the  dipole  has  linear 
field  polarization. 


The  phase  of  the  field  in  a  symmetrical  dipole  is  not  a  function  of 
direction;  the  phase  center  is  located  in  the  center  of  the  dipole.  The 
current  in  the  dipole  flows  in  a  straight  line,  and  for  that  reason  the 
dipole  has  linear  fielo  polarization. 
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The  effective  length  of  a  h.-Tf-wave  dipol?  is  equal  to 


The  resistance  of  s  radiator  of  a  symmetrical  dipole  relative  to  the 
current  antinode  is  determined  by  the  following  f  .—nula  ZW 

Rt  ^  30  |2  (0,577  -  in  ?,kl  C,Zki)  }- 
+  (0,577  -j-  In  kl  -r  C,4k!  -  '2C,2k!)  cos  2JW  r 
r(Si4kl  -2S:2l;l)  sin2A-/|. 

For  a  half-wave  dioole  Rg  =  73«1  ohms. 

The  coefficient  of  directivity  of  any  wire  antenna  in  the  direction 
of  maximum  radiation  i£  com'uted  by  the  expression  /209 

fi 

r  __  'max 
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For  a  half  wave-wave  dipole  Gt,sx  =  l.^h. 

The  input  impedance  of  a  symmetrica]  dipole  can  be  computed  using  the 
following  ap'roximation  formulas 

R?  .  w  sin  m 


?"  ~  /  «v 


/  Ky  •  2  I  Rv 

K-~)  sin1  u  |-#-J  •}*  sin*  W 


(IV.  29) 


The  reactive  component  of  the  inrut  imedance  of  a  dipole  is  equal  to 
zero  at  21*  0.5  \  .  However,  due  to  the  nut»»l  influence  of  one  section 
of  the  dipole  on  the  other  the  reactive  component  of  the  input  impedance  is 
equa’  to  zero  ’--hen  the  length  of  the  dipole  is  somewhat  less  than  that  given 
by  the  aDoroximat.ion  theory.  When  the  length  1  *  0.25  ,  Xgx  *  h2.5  ohms 

and  ?3X  *  (73-l  +  ohms). 

The  amount  of  shortening  of  the  dioole  A1  'which  c '-mpensates  for  the 
reactance  when  A 1  i s  eoual  to 


,Vxl-\r 


(IV.  30) 


Ordinarily,  the  amount  by  which  it  is  shortened  is  only  a  few  percentage 
points,  the  fire re  increasing  as  the  dipole  gets  thicker. 

A  non-r.ymmetrical  dipole  can  bo  represented  as  a  symmetrical  dipole 
one  arm  of  which  is  replaced  by  a  nlrnar,  ideally  conducting  surface  of  in¬ 
finite  length.  Hence,  the  field  of  a  non-symmetrical  dioole  will  have  the 
same  structure  as  the  fi*»ld  of  a  symmetrical  dipole  has.  Consequently,  the 
radiation  pattern  of  a  non-symmetrical  dioole  in  one  semi-sphere  corresponds 
to  the  radiation  pattern  of  a  symmetrical  dinole.  The  voltage  at  the  input 
of  tbra  non-r"Tnc>+r’c.-]  r,i''oio  i;  half  ss  preat  as  it  is  at  the  input  to  the 
symmetrical  dipole,  anc,  therefore,  t.he  inout  inpedonce  and  radiation  imped¬ 
ance  of  a  non-rymmet Heal  oi^ole  is  half  as  great  as  it  is  in  the  symmetrical 
dioole. 


fit*  f'- Yi’a.  ■« 
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The  characteristic  impedance  o“  n  dipole  (in  ohms)  in  determined  from 
its  length  2  1  '>n H  1  he  thickness  a  by  the  formula 

r-..  i2o(in -- i).  (iv. 3i) 

The  non-svmr-etrical  quarter  wave  dipole  has  a  characteristic  impedance 
half  as  great  as  the  half-wave  dipole.  The  coefficient  of  directivity  of 
a  non-symmetrical  dipole  is  twice  as  great  as  that  of  a  symmetrical  dipole. 
This  is  explained  by  the  shielding  effect  of  the  conducting  surface.  /290 

The  pass  band  of  a  dipole  is  computed  from  the  expression 

4"*  (IV.  32) 


It  follows  from  the  formula  that  the  pass  band  increases  as  the 
characteristic  impedance  decreases  and  as  the  active  component  of  the  input 
impedance  increases.  The  band  characteristics  of  the  dipole  are  determined 
by  the  relationship  of  the  reactive  component  of  the  input  impedance  to  the 
frequency. 


Fir.  TV.  1.  Piste  diooles:  a  -  triangular;  b  -  rectangular;  c  -  grid 
type;  d  -  fan-shaped;  e  -  perforated  type. 


nrer  mo+hods  are  used  to  improve  the  b>nd  characteristics  of  a  dipole: 

U  •  r<-i»i»ar:n"  t.ic  c ‘v'-'-r* eristic  inpedanc'*;  ?.  Increasing  the  active 
cmnponent  of  the  nout  impedance;  3.  ^ompensai  ing  the  reactance  of  the  in¬ 
put  impedance. 


Iho  characteristic  impedance  of  a  dinole  is  lowered  bv  increasing  the 
istryai  dimensions. 


each  arm  of  the  di-.ole  may  be  cylindrical,  spheroidal,  or  conical  in 
shape.  In  the  radar  band  of  frequencies  flat  types  of  wide  band  dipoles  are 
wide]-,  used  (Fig.  17.  v\ 

increasing  the  aciive  portion  of  the  inoul  impedance  is  achieved  by 
imnrrtinp  a  loop-shaped  design  to  the  dipole.  The  first  person  to  propose 
suen  a  design  was  A.  A.  distol'kors  (Fig.  IV.  k) .  It  cons iris  of  a  short- 
circuited  twin  wire  line  so  shaped  i hat  the  direction  of  the  currents  in  the 

lb 


% 

AaaBjfiMiSTl  r-  r  — . 


upper  and  lower  conductors  coincides  as  a  result  of  which  the  dipole  will 
radiate  and  receive  radio  signals.  1ir.ee  the  radiating  power  is  directly 
proportional  to  the  square  of  the  current,  and  the  current  of  the  twin  loop 
dipole  is  twice  as  great  as  the  current,  of  a  simple  dipole,  the  radiation 
resistance  of  a  twin  loon  dipole  will  be  approximately  four  times  greater 
than  the  radiation  resistance  of  an  ordinary  dipole  ^291 

*  #rn  =  4/?s  ^-300  om.  -  ‘  '  • 
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Fig.  TV.  1*.  Looped  dipole  /suggested  by  Pistol* kors:  a  forming 
a  Iood  dipole ;  b.  twin  loop  dipole. 

For  a  dipole  with  H  parallel  arms  R^j-j 

Since  the  voltage  node  is  at  noint  3  (cf  Fig.  IV.  U),  the  loop  di¬ 
poles  can  be  attached  to  masts  at  these  points  without  the  use  of  insulators. 

The  reactive  portion  of  the  input  impedance  of  the  dipole  is  compen¬ 
sated  for  by  connecting  a  short-circuited  reactive  stub  whose  inpedance  value 
at  the  points  of  contact  in  s  particular  band  of  frequencies  is  equal  but 
opposite  in  sign 


Fig.  IV,  $.  Dipole  with  compensator 

The  length  of  the  compensator  lk  (fig.  IV.  5)  is  determined  when  the 
wavelength  is  close  to  resonance  from  the  condition 

W  ctg  kl  =  Wk  tg  klk  (IV.  33) 
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in  which  '■/  and  nra  the  characteristic  inpedaneea  of  the  dipole  and 
compensator;  and  1,  1^  are  the  lenpthc  of  the  dipole  and  compensator  anan. 


The  above  methods  of  extending  the  frequency  coverage  insure  a  bsnd 
coverage  coefficient  of 


3-4.  ‘ 

i  min 


In  many  cases  this  kind  of  dipole  is  not  adequate  to  the  situation. 


So-called  logarithmic  antennas,  i.e.  dipoles  with  arms  whose  curvature 
conforms  to  logarithmic  law  or  with  dipole  elements  arranged  according  to 
logarithmic  periodicity  have  the  best  band  characteristics.  /292 

Antennas  of  this  kind  may  be  planar  or  spatial  (flat  or  three  dimensional; 
(^ig,  IV.  *).  They  have  a  20-30  coefficient  of  overlap.  The  broad  band 
coverage  of  logarithmic  antennas  is  expl=ined  by  the  fact  that  the  projections 
and  troughs  represent  dipoles  whose  coefficient  of  reflection  are  approximate¬ 
ly  eoual  Ln  magnitude  and  opposite  in  sign;  this  situation  insures  their 
being  corpensated  properly  at  tha  points  of  feed. 


Fig.  IV.  6.  Logarithmic  antennas:  a,  b  —  planar}  c  -  spatial. 

Slot  Antennas 

The  slot  antenna  consists  of  a  slot  nu.de  in  a  metallic  surface  such 
as  screen,  tho  side  of  a  waveguide,  or  the  side  of  a  resonator.  If  such  a 
surface  has  a  current  component  that  flows  laterally  with  respect  to  the 
slot  a  voltage  will  appear  at  the  edges  of  the  latter}  beyond  the  limits 
of  the  slotsurfnce  currents  "ill  be  induced,  resulting  in  the  radiation  of 
radio  waves  into  outer  space. 

Serving  as  a  basis  in  designing  slot  antennas  is  the  theory  involving 
8n  ideal  slot,  i.e.  a  slot  cut  into  an  infinite,  ideally-conducting  planar 
screen.  It  is  assumed  that  the  slot  is  narrow,  i.e.  the  width  is  consider¬ 
ably  smaller  than  the  length  and  much  shorter  than  the  length  of  the  radio 
•••eve.  The  field  of  an  ideal  slot  antenna  is  determined  from  the  field  of 
ar  equidimensional  linear  dipole  [\ I/*  /%{. 

A  comparison  of  the  slot  field  structure  with  that  of  a  corresponding 
type  of  dipole  shows  their  similarity.  This  similarity  is  expressed  by 
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iho  following  equalities: 

within  the  limits  of  the  openings  and  the  surface  of  the  dipole 

£(i  —  Oi  H*ui  ~  ®» 

outside  the  limits  of  the  openings  and  the  surface  of  the  dipole 

"  tft.  =  0; 


£,«  =  0. 


Between  the  current  in  the  center  of  the  dipole  IgQ  and  the  voltage 
on  the  rime  of  the  slot  U^0  the  following  relationship  holds  true: 

/  pj60rt  —  U  U|0* 


(IV.  3U) 


The  similarly  oriented  slot  and  dipole  have  differing  polarizations. 
Whereas  the  vertical  dipole  is  vertically  polarized,  the  vertical  slot  is 
horizontally  polarized.  As  a  practical  rule,  use  is  made  of  antennas  with 
half-"ave  slots  whose  radiation  pattern  repeats  the  radiation  pattern  of 
a  half-wave  dipole,  i.e.  in  the  H  plpne 


Fw(0)  = 


cos 

sin  e 

and  in  the  I!  plane 


The  radiation  conductance  of  a  slot  can  be  determined  by  the  radia- 
tion  reristance  of  the  dipole 

#r 

(IV.  35) 


!§0nj* 


From  formulas  (IV.  3W  and  (IV.35)  it  is  apparent  that  one  ampere  of 
,'lpole  current  is  eouivalent  in  radiation  power  to  60  volts  st  the  slot. 


The  relationship  between  the  input  conductance  of  the  slot  and  the  in- 
out  inpedance  of  the  dipole  is  as  follows: 


1  **•  «  (60n)J  * 

For  f  slot  whose  length  L 

Y».  ^  _^r-  [#*  +  /(4 2,5  -  B7ctg4)]  , 


hfr  _ 


(IV.  36) 

(IV.  37) 


in  vnich  u  -  120  (  In  gj*  ~  0.577)  is  the  characteristic  inpedance;  and 
d  the  width  of  the  slot,  fok 


It  is  eooarent  that  the  half-wsve  slot  has  a  reactive  input  conductance 
that  ’s  caD^citive  in  character. 


In  ordf”  that  iho  inout  conductance  of  the  slot  be  purely  active,  the 
slot  should  be  shortened.  The  amount  or  shortening  A  I*  is  determined  from 
the  formula 
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(IV.  38) 


The  narrower  the  slot  the  less  it  should  be  shortened.  For  a  shortened  slot 
radiating  in  both  hemispheres 

In  the  case  of  single  sided  radiation  it  can  be  assumed  that  the  power 
of  radiation  is  decreased  by  one-half,  and,  therefore, 

0.x.  10‘*  mhos 

/?.*.  w  sk  10*  ohms 


!  I 


Fig.  IV. 


Dumbbell  shaped  slot 


Affecting  the  conductance  of  the  slot  is  its  width  d  which  in  actual 
conditions  is  selected  out  of  consideration  to  electrical  durability 


o D 


(IV.  39) 


in  which  is  the  maximum  voltage  in  the  olotj  E  np  is  the  penetrating 

voltage  of  the  slot  (for  air  the  figure  is  30  kw/obsn) j  Knp  is  the  coef¬ 
ficient  of  durability  reserve  (usually  equal  to  2  -  h). 

The  width  of  the  s  ot  affects  the  active  and  reactive  components  of  in¬ 
put  irped8nce.  As  we  can  see  from  formula  (IV, 38)  when  the  width  of  the  slot 
is  increased  its  resonant  length  L  ,  which  corresponds  to  aero  reactive 
component,  decreases,  while  the  active  component  increases. 

In  some  instances  it  is  necessary  to  increase  the  length  of  the  slot  L 
considerably  for  structural  considerations.  In  such  case  so-called  dumbbell 
slot.-  may  be  incised  (Fig.  IV.  7.).  The  circular  openings  at  the  end3  of 
the  slot  are  equivalent  to  concentrated  inductances.  The  relationship  of 
the  resonant  length  of  the  dumbbell  slot  to  the  diameter  of  the  holes  at 
the  end  D  with  a  relative  slot  width  d/LcsO.03  is  shown  in  Fig,  IV.  8, 

The  above  r'  1  •'■lions hips  hold  true  for  a  slot  cut  into  a  screen  of  in¬ 
finite  lengtn.  In  the  slotted  antennas  generally  used  the  slots  sre  made 
'n  met'l  surfaces  of  finite  dimensions  (plane  surfaces  or  cylinders). 

Because  of  the  interferences  of  the  slot  field  and  the  current  field  on  a 
screen  —  a  metallic  surface  —  the  resulting  field  in  the  far  zone  intensi¬ 
fies  in  some  directions  and  attenuates  in  others.  Therefore,  the  major  lobe 
in  the  radiation  pattorn  appears  somewhat  dissected. 


The  results  of  an  approximation  computation  of  the  directivity  pattern 
(in  the  T!  plane)  of  a  half-wave  slot  cut  in  the  center  of  a  rectangular 
plate  (Fig*  IV.  9)  are  shown  in  Fig.  IV.  10  /5 J.  These  results  coincide 
satisfactorily  with  experimental  results.  _ _ 


■ 


Fig.  IV,  8.  Curve  showing  the 
relationship  between  rosonant  length 
of  dumbbell  slot  snd  tins  diameter  of 
the  terminal  openings. 


Fig.  IV,  9.  Slot  on  a  rectan¬ 
gular  screen. 


The  radiation  pattern  of  a  slot  cut  out  on  the  surface  of  a  cylinder 
depends,  to  a  very  considerable  actant,  on  its  diameter  2a.  The  larger 
the  electrical  diameter  of  the  cylinder  2a/ A  the  weaker  the  diffracted 
field. 

The  directional  characteristics  of  a  slot  cut  into  a  circular  cylinder 
(Fig.  IV.  11)  are  computed  as  follows  in  accordance  with  formulas  £  13_J7  : 
for  a  longitudinal  slot  in  the  electrical  plane 


#  V  .  -■"»  COTW,r  . 

c{  )~  Ik  <'«*• 

for  a  lateral  slot  in  the  magnetic  plane 


1 

m.t 

liv'-s 

I 

cos-o Z“ 

2  k‘t 

cwmf 

'-(*y 

i.n  ”hir:h 


[  2  if  in*  0; 

i  1  if  m  =  0; 


rl'm  (ka)  is  a  second  degree  Hankel  function. 

For  engineering  computations  it  is  sufficient  to  take  m  )y  3ka  from 
the  sum  of  the  first  members.  /?96 

The  radiation  pattern  of  a  slotted  source  in  the  vertical  plane  (in  tho 
ol-'no  of  angles  9)  given  a  long  cylinder  cen  be  computed  from  the  formulas 
for  an  ideal  slotted  antenna. 
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i'ip.  Vi.  10.  Radiation  d attorns  of  a  slot  on  a  rectangular  screen: 


«— L»>=0,5X,  //j«0,5X,  6-~/.,>*'0,&Xl 
//*  —  0,2iv.;  i  —  i.»  ~  W,  =  X;  e—  £»  «*  1,^, 
Ht  ■=>  2.25X;  d  —  **  oo,  tf*/X  =■  oc. 


The  slot  source  is  an  antenna  with  a  low  order  of  directivity.  To 
increase  the  directivity  slot  sources  are  combined  into  linear  arrays  £297 
(multiple  clot  antennas).  The  system  of  slots  changes  the  energy  rate  of 
feeding  waveguide  which  substantially  determines  the  power  that  is  fed  to 
the  slot  antenna  and  the  nature  of  the  amplitude-phase  distribution  of  the 
field  along  the  array. 


The  power  radiated  by  a  slot  antenna  deoonde  on  the  dimensions  of  the 
slot,  its  location  on  the  side  of  the  waveguide,  the  shape  end  dimensions 
of  the.  feeding  waveguide,  as  well  as  the  power  and  frequency  of  the  excita¬ 
tion  wave.  The  slot  will  radiate  when  it  cuts  across  the  surface  current 
lines  i.e.  when  it  is  located  along  the  magnetic  lines  of  force. 
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Fig.  IV.  11.  Slot  incised  in  a  cylinders  a  -  longitudinal]  b.  lateral. 

Occasionally,  when  matching  polarizations  for  structural  or  other 
considerations,  it  is  necessary  to  cut  out  slot  sources  across  the  magnetic 
lines  of  force  as  well.  In  such  case,  use  is  made  of  stub  type  oscillators 
which  oroduce  a  field  distortion  such  that  a  longitudinal  component  of  the 
magnetic  field  a-'-ocars.  Three  types  of  slots  are  usually  dealt  with  in  the 
construction  of  3lot  antennas  (Fig.  TV.  12). 

For  a  longitudinal  slot  on  the  broad  side  of  a  rectangular  waveguide 

st  -  cos*  ( ? ) sln*  (J^L) { 

$z~~  2  (60.1)1  ’ 

in  ’■■•nich  gi  is  the  unilateral  internal  radiation  conductance  of  the  slot] 
f,  b  *re  the  dimensions  of  the  wide  and  narrow  sides  of  the  waveguide;  ^298 

0  ‘  |'T;~  O-'ht.)*  -*r  t>1e  retardation  of  the  main  wave; 

U?0-  1 20;t  ohms 


]"  the  displacement  of  tho  slot  relative  to  the  axial  line  of  the  wide 
side  of  the  waveguide;  g£  is  the  radiation  conductance  of  the  slot  into 
outer  soacej  R*  is  the  radiation  impedance  of  the  dipole, 

it  A 


Fig,  IV,  12.  Types  of  slot 
antennas:  1  »  diagonally  position¬ 
ed  on  broad  sidej  2.  longitudinal] 

3 •  diagonally  -ositloned  on  narrow 
side. 
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t.ani: 


The  conductance  referred  to  is  equal  to 


From  this  expression  it  is  apparent  that  the  longitudinal  slot  does  not 
radiate  on  the  axial  lin.  of  the  waveguide  because  the  lateral  component  of 
the  surface  current  is  absent  at  that  point. 


Maximum  conductance  occurs  at  the  slot  that  is  cut  out  at  the  edge  of 
the  wall.  When  xn_  **  a/2 


Jg?.fLC0S«fiL 
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The  conductance  of  a  diagonal  slot  on  the  narrow  wall  of  a  rectangular 
waveguide  as  referred  to  in  the  foregoing  is  computed  in  accordance  with 


formula  2  ~J 


9,6  X4 


Rz  a'bp 


sin  a  cos 


(xsln  °) 


l  —  ((J  sin  a)’ 


%»n  the  slot  angle  of  inclination  a  <  30°  we  can  use  the  following 
approximation  expression  /299 

15 3a  /  X  \4  Q  , 

rw  Psl"“- 


bR  v 


The  diagonally  biased  slot  on  the  broad  side  of  the  waveguide  is  excited 
by  both  longitudinal  and  lateral  currents,  and,  therefore,  it  is  most  dif¬ 
ficult  to  commute  its  conductance. 


The  in-'ut  admittance  of  a  diagonally  biased  slot  (when  the  waveguide 
is  matched  with  the  slot  even  at  resonant  slot  length)  is  complex  in  nature, 
lowev-r,  afte"  selecting  a  -  -ropriate  values  of  xi  and  we  can  obtain  a 
chare  displacement  such  tha+-  the  clot  will  be  fully  matched  by  the 

reactive  element  disooced  in  the  central  section  of  the  slot.  Diaphragms 
and  rods  are  used  as  the  reactive  elements. 


The  care  of  a  slot  antenna  in  an  infinite  waveguide  is  realized  in 
practice  by  disposing  in  the  end  of  the  waveguide  an  absorbing  load  for 
which  the  reflection  factor  in  the  .  mating  band  of  frequencies  is  equal 
to  zero.  It  is  not  desirable  io  use  this  kind  of  antenna  because  the  slot 
"ill  not  radiate  ov^r  $ 0 %  of  the  power  supplied.  To  decrease  losses  a  short 
circuiting  piston  is  nlaced  at.  the  end  of  the  waveguide  instead  of  the 
ab: orbing  load  with  the  aid  of  which  the  nature  of  the  incident  and  reflected 
waves  chanpes  in  the  desired  direction. 


I  i  -intrant  ■’o  infinite  and  semi-infinite  waveguides  a  slot  antenna  can 
be  totally  matched  (coefficient  of  reflection  is  equal  to  zero,  k<£  **  l). 
■>)nol-‘*e  catching  occurs  when  ‘.he-e  is  equality  of  piston  and  slot  reactance 
(short-circuited  stub)  and  the  signs  are  opposite. 


'b/-n  the  anisnna  slot  is  tured  this  achieved  by  placing  the  slot  in  the 
ant  inode  area  of  the  excite  np  surface  current  or  in  the  magnetic  field  anti¬ 
node: 


,,  i’nis,  in  tui’n,  occim?  non  the  following  conditions  are  fulfilled: 
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for  a  longitudinal  slot  /j  —  (2n  -\-  \)  -  *■  ,  n^O,  1,2,,..; 
for  a  lateral  slot  /ic=/*-jf,  «  1=3  0,  I,  2 . 


in  which  1-,  is  the  length  of  ^he  short-circuited  portion  of  the  waveguide; 
and  A;  is  the  length  of  the  wave  in  the  waveguide. 


Loop  Antenna 

A  loop  or  frame  antenna  \ s  essentially  a  flat  coil  of  arbitrary  cross 
section  circular,  quadrangular  and  the  like  in  form.  As  a  rule,  the  leads 
in  ?.  looo  antenna  are  much  rhorter  than  the  length  of  the  wave.  The  chief 
versions  of  loop  antennas  are  shown  in  ^ig.  IV.  13»  /300 

The  intensity  of  the  electric  field  in  s  loop  antenna  in  the  plane 
ooroendicul^r  to  the  plane  of  the  antenna  can  be  computed  from  the  formula  /9? 

E  t=  120n*~£f-  cosip, 

in  which  E  is  the  voltage  component  of  the  field  oarallel  to  the  plane  of 
the  antenna  in  volts/meterj  I  is  the  current  in  the  frame  in' amperes;  n 
is  the  number  of  coils;  S  is  the  aroa  encompassed  by  the  loop  in  m2;  r  is 
the  distance  to  the  point  of  reception,  meters;  \  is  the  length  of  the  wave 
in  meters;  cp  is  the  angle  with  the  plane  of  the  frame. 

If  the  dimensions  of  the  frame  are  considerably  less  than  the  length 
of  the  wave  and  the  current  I  is  constant  throughout  the  entire  perimeter 
of  the  frame  the  radiation  pattern  will  not  be  a  function  of  the  form  of  the 
cross  section  of  the  frame,  and  it  will  have  the  shape  described  in  Fig.  IV. 
liu  The  radiation  nstiero  of  the  frame  reneats  the  radiation  pattern  of  the 
half-wave  dipole  whoso  axis  is  neroendicular  to  the  plane  of  +he  frame. 

The  notarization  of  the  frame  is  determined  by  its  nosition. 

If  the  frame  antenna  is  receiving  the  signal  the  voltage  on  its  ter¬ 
minals  will  be  equal  to 


The  radiation  .imorennee  of  a  frame  antenna  is  obtained  from  the  formula 

RJnv)  10*  «  l97//*(''  y ,  (IV.  ho) 

in  Mhish  d  is  the  area  encornnassed  by  the  frame;  P  is  the  perimeter  of 
the  fr,:ne.  /301 

"h>,n  nL  O.lA*  the  radiation  impedance  o-‘  a  frame  antenna  is  low  and 
Is  measured  in  hundredths  of  an  ohm,  therefore,  with  tho  unavoidable  losses 
in  the  antenna  bo'nq  n resent  \tr  efficiency  is  extremely  low.  For  this 
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reason,  Ic'np  ured  only  «•?  receiving  antennas.  Increasing  the  frame 
perimeter  provider  ~reater  "'■in  th*>n  increasing  the  hnmber  of  loops.  The 
rndir-ton  orttern  of  a  frame  antenna  in  the  olane  of  the  loop  is  anproximate- 
lv  circular  in  shane. 


"ig.  I'/.  13.  Versions  of  loop  Fig.  IV,  1U.  Radiation  pattern 

antennas:  a.  rectangular;  b.  o*  frame  antenna:  a.  dipole; 

rhombic;  c.  loop;  d.  shielded.  b.  looo  plane 


':aveguide  Radiator 

The  open  end  of  a  waveguide  is  known  as  a  waveguide  radiator.  It  is 
tne  simplest  kind  of  antenna  in  the  centimeter,  millimeter  and  decimeter 
wave  bands. 

The  waveguide  radiator  has  weak  directional  Droperties,  therefore  in 
radar  work  it  is  used  for  illuminating  reflector  and  lens  antennas.  The 
phase  center  of  a  waveguide  radiator  is  approximately  in  the  center  of  the 
radiating  aperture. 


Fig.  r 7.  15.  Oncn  end  waveguide  radiators: 
a.  rectangular;  b.  circular. 


"ost  frequently  used  are  radiators  consisting  of  open  ended  rectangular 
■ravo-uder  1  h  a  hapic  H-yj  wave  and  a  circular  waveruide  with  tyoe  wave 
(Fi".  V1 .  1  fT  * .  ‘  'aveguide  sources  of  this  kind  create  linearly  polarized 

r-’ri'  at  t  ^n. 
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strict,  solution  of  the  problem  of  radiation  by  an  open  end  of  a 
••pvo  nice  was  accomplished  in  19hB  by  L.  A.  Vaynshteyn  flj*  However,  such 
F  rolution  is  characterized  by  complexities.  Therefore,  in  engineering 
practices  this  problem  is  resolved  as  an  approximation  on  the  basis  of  the 
Ku/gens-Kirchoff  method.  The  essence  of  anroximation  consists  in  disre¬ 
garding  the  higher  type  waves  and  surface  currents  on  the  exterior  surfaces 
of  the  waveguide.  Experience  has  shown  that  these  aop r oxime tions  are 
within  acceptable  limits. 


The  intensity  of  field  radiation  at  the  open  end  of  a  rectangular 
wavemide  at  a  distance  D  in  the  E  and  H  planes,  respectively,  is 
determ ned  by  the  formulas: 


in  which  r>0  is  the  field  amplitude  in  the  center  of  the  waveguide  aperture; 
a  and  b  are  the  dimensions  of  the  waveguice  aperture;  X»&  is  the  length  of 
the  wave  in  the  waveguide; is  the  reflectance  factor  of  the  wave  from 
the  end  of  the  waveguide;  0  is  the  an^le  measured  from  the  longitudinal 
8Xis  of  the  waveguide; 

==  n  sin  0,  if  H  =r.  ji  -j-  sin  0. 


The  maximum  coefficient,  of  directivity  of  a  rectangular  waveguide 
is  determined  by  the  expression 


Ordin^ily,  on  an  operating  wave  0.71,  therefore 


4.1 


G^^OM-p-ab 


(IV.  Ul) 


(IV.  U2) 


.-or  a  vwvcgiide  of  rtandard  dimensions  a  =  0.72  A»,  b  *=  0.32 %  t 
and  Op^  ■  2.U. 


A  M°  tovi 


Firr.  rv.  v'. 


■oen  end  of  waveguide  with  -nd  !!  flanges 


Jr;  order  to  change  the  form  or  'no  radiation  pa*'<rn  of  the  waveguide 
■ir.f  :z  rjrde  of  E  .-nd  H  plane  fl.-n:'«s  (Fig.  IV.  16)  and  wedge-sh8oed 
sections  with  pins  (Fig.  IV,  17). 

Increasing  the  electrical  length  of  the  flange  l/%  results  in  lowering 
the  level  of  the  rear  lobes  and  in  changing  the  shape  of  the  major  lobe. 

For  example,'  when  L  ■  0.2$  %  the  width  of  the  major  lobe  is  reduced  by  one- 
half  compared  with  the  nattem  of  a  simple  open  ended  waveguide;  when  L  ■ 

*  0.7$  Xthe  radiation  pattern  becomes  bifurcated;  and  when  L  the 

major  lobe  expands  considerably,  acquiring  a  multi-lobed  structure  with 
small  t'-oughs  Z2l7. 

“he  relationship  of  the  width  of  the  waveguide  radiation  pattern  with 
a  ve/re-shaoed  section  to  shear  angle  is  shown  in  Fig.  17,  18.  ^303 

i'he  r  diation  field  of  a  circular  waveguide  with  a  basic  type  H]j  wave 
in  the  two  orincinal  "  and  H  planes  is  determined  according  to  these 
formulas;  .  .  .  .  _  .  .  , 

iei,= |  +i+rf  s'*®)  *•«>!' 

I E  !„  «  4f>  ( -'-fit  C  +  cos  °)  “TIf  • 

in  which  3Q  is  1  ie  initial  value  of  the  field;  T  is  the  reflectance  fac¬ 
tor;  &  is  the  radius  of*  the  waveguide;  \  is  the  length  of  the  type  H-q 
wave  in  the  waveguide;  0  is  the  angle  measured  from  the  longitudinal  axis 
of  the  waveguide;  A*  ($t)  is  the  unction  o"  the  first  degree;  iti  is 
en  ;a1  to  ’<a  sin  0,  ft  j-i-i  *  1.9il 

r  11  IB!  7B!. 


t> 

[.  . 

20  BO  60  r.’ 


Fig.  IV.  17.  Wedge  shaped  wavo- 
■  nide  rad i. ''to  with  oin. 


Fi«r.  IV.  IP.  delation  of  width 
of  major  lobe  of  wedge-shaoed 
waveguide  to  shear  angle  , 


condition  for  excitation  in  a  circular  waveguide  with  radius  CL 
^nd  wavo  tvnp  H-j]_  will  be: 


•produced  from 
•st  available  copy. 


0,588  <  4;i<  0.766. 

A 


f ■  K  '•Ti  o’  *  to  m'* n  lobe  in  the  radiatio-’  pattern  n  a  c'rcular  wave¬ 
guide  'c.  oet- rmined  from  the  formula 

0;_5^(5O^75°)A-.  (IV*  h3) 

2  i 


jl..  j  Vi’£z 


Fir.  IV.  20.  Nomogram  for  determining  the  principal  parameters  of 

a  circular  waveguide  radiator. 


The  principal  parameters  of  waveguide  radiators  (directivity  factor 
-nr  width  oT  radiation  not  tern)  are  obtained  from  nomograms  /"l6  7  described 
in  Fig.  IV.  19  and  Fig.  IV.  20. 

The  magnitude  of  the  coefficient  of  directivity  of  a  rectangular  wave¬ 
guide  it  del  -  mined  ":>v  ncioin r  together  the  auxiliary  parameters  g^  end 
g?  which  arc  obtained  from  the  nomogram  through  the  dimensions  8  and  b 
an  r.  i  ho  length  of  the  wave.  The  width  of  the  radiation  oat  tern  of  a  rectan¬ 
gular  waveguide  in  the  R  and  H  ol-nes  (  A  &r, &<pr)  ie  determined  from 
from  the  ratios  a/X^nd  b/X  (Fig.  IV.  19)  and  t he  level  of  the  pattern  r* 
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Tho  initial  data  for  determining  the  parameters  of  radiation  of  an  open 
end  circular  waveguide  (Fig.  IV.  20)  are  the  diameter  d  ,  the  length  of 
the  wave  \  ,  and  the  level  of  r  in  decibels# 


it  $.  Antennas  as  a  System  of  Discrete  Sources 
Classification  of  Systems  of  Discrete  Sources 

The  antenna  as  a  system  of  discrete  sources  represents  the  sum  of  in¬ 
dividual.  radiators  or  elements  located  in  soace  and  fed  in  a  specific  man¬ 
ner.  Any  concentrated  group  of  an  ennas  or  sources  can  be  used  as  such 
elements,  especially  h^lf-wave  diDoles,  slots,  open  end  waveguides,  and  the 

like. 

i 

Antennas  as  a  system  of  discrete  sources  are  used  for  the  purpose  of 
obt  ining  greater  directivity  and  a  higher  level  of  radiated  power  than 
can  be  achieved  with  individual  elementary  antennas.  The  use  in  antenna-wave¬ 
guide  circuits  of  electrically  controlled  phase  inverters,  attenuators, 
and  cliangeover  switches  in  the  form  of  ferrites  and  semiconductors  opens  up  , 

great  op  ortunities  for  controlling  the  shape  and  position  of  the  antenna  \ 

radiation  pattern  in  space.  - 

The  following  are  the  most  commonly  used  alternatives  in  the  arrangement  ;■ 
of  discrete  sources:  | 

--  linear  arrangement  along  a  straight  line  or  in  a  circle; 

—  surface  arrangment  on  a  plane  or  on  the  surface  of  a  cylinder,  cone,  j 

or  sohnrej  . 

—  volumetric  arrangement  in  a  parallelepiped  or  cylinder.  ; 

\ 

The  intervals  between  discrete  sources  in  an  antenna  system  can  be  the 
same  or  they  may  differ.  In  the  first  case  the  system  is  termed  equidistant, 
'-nd  * n  the  second  —  non-eonidi rt.nnt. 

vrilrHrtant  cvr+emr  of  discrete  sources  are  also  knovm  or  referred  to 
?  •'  'T'*'  nria  arrays.  I’eoending  on  the  manner  in  which  discrete  sources  are 
fori  differentiate  between  uniform  'md  non-uniform  systems,  whether  the 
current  amplitudes  in  the  sources  are  the  same  or  different,  and  whether 
they  are  phased  or  non-phased,  whether  the  phases  of  the  feeding  currents 
are  equal  or  unequal. 

In  practice,  one  most  often  encounters  equidistant  systems  with  con¬ 
stant  ’bvc rtf? king"  /nnbeg/  of  phase  (phase  difference)  between  adjacent 
sources.  Lor  convenience  in  constructing  a  system  of  discrete  sources  they 
arc  made  up  of  monotypicel  elementary  antennas  whose  radiation  patterns  are 
the  same.  In  such  case,  the  radiation  pattern  of  the  system  will  be  de¬ 
termined  by  the  oroduct 

in  which  f0  (  9  ,  *) 

fsyst(  ¥  >  ^  is  the 


n  ,  9)  -  f0  ( <p  ,  e)  f8y8t(  9  ,  9) 
is  the  radiation  pattern  of  the  elementai^jiniennaj 
multiplier  in  the  system,  r R.oroductd  Irom 

1  CSSafejg 
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Linear  System  of  Lhscre+e  Sources 

The  resulting  field  of  radiation  in  a  system  of  discrete  sources  at  a 
far  ooint  M  (D,  0)  (Fig.  XV.  21)  is  obt.-ined  by  taking  the  sum  of  the  fields 
of  all  N  sources. 

For  an  equidistant  linear  system  with  interval  d  the  radiation  pattern 


is  determined  by  the  expressions 


/(' 0)  =  /„(«)  x 

x  £  vvM,f-,,co,#. 


C7.  h$) 


in  -hich  A]_  «  Ii/ll  is  a  coefficient  characterizing  the  relative  value  of 
the  current  of  the  i-th  source}  and  <£>.5  is  the  phase  of  that  source. 


M 

//  h 

//A 

y  i  i  j  i 

VS  1 1 


*>A*  /*>/ VjS  n/p,  , 
A  't  4  ..... .  <i  . 


Fig,  IV.  21.  Linear  system  of  discrete  sources 


In  the  case  of  ?  uniform  and  linearly  non-Dhaserf  system  of  sources 
*  1,  ^i  *  -(i  -  1)  Ac|>  (A<t>  -  the  advance  along  a  series  of  sources)  the 
nullinli or  •■'f  the  system  will  be 


Tenotin^ 


/c«ci  (0)  — 


sin  (WcosO  — A(f)j 
sin  ~  (WcosO  —  A«p) 


(IV.  Ii6) 


V  --j-kd  cos  0  —  -g--  A«p  =  tp  —  t|v 


wo  will  get 


/chct  (0)  — 


sln  ~w  I 


(IV.  U7) 


The  maximum  value,  of  the  function  fsyst  (®)  occurs  when  »|>'  =  Nnn 
—  0,  ±  1,  ±  2,  •  •  •;  /r„c,  (0)nm  =-  N,  hence  the  fixed  multiplier  of  the  sys¬ 
tem  is  e-iual  to 


/:  _  _L  sin^-'-  .  ' 

*  ciici  W  v  •  tl>'  .  * 

■  sinlv 


(IV.  U8) 


The  direction  of  the  nr  in  Iche  of  the  radiation  cstt.ern  0)rax  is  de¬ 
termined  by  the  fcllcwin.'  e^u-l’-iy 


_  n  Ilk  ,  Ar|.  . 

cos  0„.JV  — •  ^ 


(IV.  h?) 


iXn  f.kl'iti&Ut&.'iX  1 . 


■f  </*»v** i*1  i»^fJ*v  t  vf  *’7i"*i  A-r'  * 


in  which  n  *  0,  +  1,  _+  2.  .  .  . 

Considering  the  multiplier  of  the  system  within  the  limits  0<9 
it  is  necessary  to  take  into  account  the  condition 

|  COS  0rav  j  -45  1, 

whicn  can  be  fulfilled  with  several  values  of  n.  Hence,  the  radiation 
of  the  sys'em  can  have  several  major  lobes. 

An  unambiguous  determination  of  the  direction  to  the  object  is  possible 
when  the  radiation  pattern  of  the  antenna  has  one  major  lobe.  A  condition 
for  a  single  maximum  of  a  main  lobe  is  the  inequality  [°1 J 


s<- _ i _ 

/.  ^  *  •!- I  COS  Oman  | 


(XV.  *)) 


Specifically,  for  a  phased  antenna,  when  ®max  “  V2>  the  condition 
for  a  single  major  lobe  will  be  d  <  A*  ,  and  for  an  antenna  with  axial 
radiation  (traveling  wave)  it  well  be  d  ^lX*/2  when  ■  0.  ' 

Given  a  large  number •  of  radiators  (N  J>  10)  and  fulfilling  the  conditions 
for  •>  single  main  lobe,  the  radiation  pattern  of  a  system  of  discrete  sources 
is  similar  to  the  radiation  pattern  of  an  antmtia  with  an  uninterrupted 
distribution  of  sources  of  length  L  ■  Nd.  Consequently,  upon  analyzing  the 
radiation  pattern  of  multielement,  antennas  we  can  make  use  of  relationships 
obta'rrd  for  continuous  antennas. 

Occasionall:/,  in  certain  special  kinds  of  equipment  (for  example,  radio- 
interferometers)  it  is  necesmrv  to  utilize  multi-beam  radiation  patterns. 
Cuch  patterns  rro  formed  in  discrete  systems  with  interval  d>A*  .  The 
nun- or  of  gain  maxinumr  ir.  this  case  is  determined  by  the  inequality 


9  _ _ I  <» 

*  ^  1 


Changing  the  oosition  of  the  main  lobe  of  the  radiatim  pattern 
car:  ~o  ■■Wed  hv  cinm'ing  ( devi ating) the  frenuency  of  the  signal  at  which 

•"  MWf.  : ft.  of  A<p  ’-ill  ar  at  the  source  system.  009 

.’i  '  vM.i«ting  the  possibilities  of  the  method  of  frequency  deviation 
froi’  *.  ■*!  point  of  view  of  beam  scanning  in  since,  use  is  made  of  a  snecial 
parameter  —  the  angular  frequency  sensitivity  of  the  antenna.  By  angular 
frequency  sensitivity  of  a  system  of  discrete  sources  we  mean  changing  the 
angle  of  inclination  o:’  the  radiation  pattern  major  lobe  flpj  in  degrees  by 
the  percent  of  change  i.n  the  frequency  of  the  oscillator  f 


0'  «  ...  0J™-  (  A'L  __ , 

I  Mil  0,i.j\  \  hi  '  '  (I/ 
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it  follows  from  *nis  that  antennas  with  powerfully  dispersing  waves  have 
the  greatest  angular  frequency  sensitivity,  that  is,  those  systems  in  which 
changes  in  the  phase  or  the  wave  depends  greatly  upon  the  frequency. 

fhe  direction  of  zero  radiation  of  a  system  of  discrete  sources,  as  well 
as  the  direction  end  level  of  the  maximums  of  its  side  lobes  are  computed 
Trim  t  ip  following  formulas; 


cosOB  == 


/tX 


A'l 

Td 


\'d  kd  *  (TV.  52) 

in  Mich  /  n/  *  1,  ?,  3,  •  .  •  /  n  /  /  mNj  /  m  /  *  0,  1,  2,  ,  .  . 

cos fl0  ,„„  ^  (n  +  “2  )  ~am  '*■  HtT : 

..  .  t 


6  m  ' 


rf  *"»[(!.■ |.-i-)i]  ‘ 


jfftiV 


irifchj  n  i  •-*  1,  2.  3,  .  .  .;  |  n  \  -h  jmV  _  j.  !  m  |  *=  0,  1,  2, 


It  is  apparent  that  the  number  of  side  lobes  increases  with  an  increase 
in  the  electrical  length  of  the  system  Nd/  %  .  The  level  of  side  lobes  with 
similar  amplitude  is  greater  than  the  side  lobe  level  of  an  antenna  with 
irregular  distribution.  Mien  N  10  the  levels  of  side  lobos  of  continuous 
and  discrete  systems  are  practically  the  same. 


Non-uniform  systems  of  discrete  sources  have  a  lesser  level  of  side 
lobes  but  a  wider  major  lobe  in  the  radiation  pattern. 


Most  commonly  used  in  practice  are  systems  of  discrete  *  sources  vith  an 
amplitude  distribution  sloping  symmetrically  toward  the  edges 


/tj  —  A  +  ( 1  —  A) smr 


in  Mien  &  -  p  the  narrntude  of  the  drop  in  the  field  on  the  e^ge  of  the 
system. 


For  such  a  distribution  the  coefficient  of  the  system  is  determined 
as  follows:  J 310 

when  o  »  1 


u„  - 


A  •  sin  H-’  .  I  —  A 

A--  --,---!  -2- 

sin  -\r 
/> 


sin  (v  +  -j~i-2-) 


■  + 


sin  ( _ tl _ 

JL\ 

V1  A’  —  1 

2 ; 

r  1"  7  w  ’  -v 

.1  \  1 

!  “2  )J 
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when  o*2 


/chct(^  )  — 


1  +  A 

sin  >£'  !  —  A 

sin 

2 

i,n  [t(* 

sin 


+ 


(IV.  ft) 
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O.atial  System  of  Discrete  Sources 

So.-'ti'l  systems  of  discrete  so  reus  are  used  in  the  formation  of  nar¬ 
row  radiation  patterns  in  the  two  orincipel  ulanesc 

If  the  combination  of  sources  forms  a  soatial  grid  the  main  parameters 
of  which  are: 

&2i  a3  —  the  intervals  between  the  sources  disposed,  correspondingly 
along  the  ox,  oy  and  os  axes,: 

°»<  a*.  «s  —  "nebegi"  /advances?  of  the  phase  along  the  linear  systems 
on  the  ox,  oy  '-nd  oz  axes; 

'lit  12»  13  —  the  number  of  sources  in  the  system  along  the  ox,  oy,  and 
oz  directions; 

—  the  length  of  the  wave; 

F0  (9  >•  )  —  the  radiation  pattern  of  the  source,  then  the  radiation 
pattern  of  the  system  is  determined  by  formula 

Fc  (q>,  8)  —  F0  (9,  0)  F,  {9,  0)  f2  (9,  0)  Ft  (9,  0), 

in  which 


/311 

• nalyr is  of  the  formulas  indicated  will  demonstrate  that  control  over 
the  directional  '>mnor<  ies  of  antennas  in  a  system  of  discrete  sources  can 
be  -chieved  by  the  id  lowing  methods:  phasing  the  sources;  regulating  the 
amplitude  '’-ctorr  of  the  sources;  changing  the  number  of  sources;  selecting 
mutual  disposition  of  sources;  changing  the  operating  frequency  of  the 
system.  .  . 


"Wave  Front"  Type  Antennas 
Characteristics 

’■-•vo  fr-iid"  t-..',  j-  ,f  .'n* annas  include  the  horn,  reflector  and  lens 
varieties,  formed  in  the  out  out  openings  (apertures)  of  these  antennas  is 
a  fWr  (tee  current  ip  on  the  antenna  surface)  with  a  continuous  distribution 
or,  as  is  commonly  said,  a  "wave  front"  is  created. 
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The  parameters  of  this  antenna  include  the  following!  field  (current) 
amplitude  distribution  law  in  the  radiating  opening;  field  (current)  phase 
distribution  law  in  the  aperture;  length  of  wave  or  frequency  of  the  field} 
dimension  of  the  wave  front;  shape  of  the  wave  front. 


The  "wave  front"  type  of  antenna  consists  of  the  primary  radiating 
element  and  the  radiator  which  forms  the  antenna  radiation  pattern.  Sources 
with  poor  directional  characteristics  seinre  as  exciters  for  reflector  and 
lens  antennas.  They  include  the  open  end  of  a  waveguide,  a  dipole,  a  slot, 
and  others.  The  reflector  and  radio  lens,  respectively,  form  the  radiation 
pattern  in  these  antennas.  In  the  case  of  horn  antennas  the  waveguide  serves 
as  the  exciter,  and  the  horn  adapter  is  the  shaping  element. 

The  nature  of  the  distribution  of  amplitudes  and  phases  of  the  field 
on  the  wave  front  of  the  antenna  is  a  function  of  the  radia.ti 'n  pattern  of 
the  exciter,  its  position  relative  to  the  focal  point  of  the  shaping  element, 
and  the  dimensions  of  the  latter.  && 

The  chief  advantage  of  "wave  front"  antennas  is  the  simplicity  of  their 
design,  iowever,  such  antennas  have  limited  possibilities  in  changing  the 
parameters  of  the  "wave  front"  and,  therefore,  the  shape  and  position  of 
the  antenna  beam  in  space. 


The  radiation  patsem  of  a  "wave  front"  type  of  antenna  is  computed  in 
conformity  with  the  two  principal  nl^nes  —  horizontal  and  vertical  or  the 
3  and  .H  pl-nes  with  respect  the  field  amplitude  «nd  phase  distribution 
in  the  respective  planes. 


The  volumetric  radiation  pattern  of  the  antenna  is  e~ual  to  the  product 
of  the  planar  radiation  patterns 


F  (<p.  0)  •-  F  (<p)  F  (0). 


The  radiation  pattern  of  F  ( <p  )  is  determined  by  the  law  of  dis¬ 
tribution  of  field  a-rplitudes  A  (x)  and  field  phases  (x),  while  the 
pattern  for  F  (0)  is  determined  by  the  A(z)  and  ($>  (z)  Ir’-rs  of  distri¬ 
bution. 


Directional  Properties  of  Linear  Phased  Antennas 
With  Continuous  Field  (Current)  Distribution 


The  radiation  pattern  of  continuous  linear  system  ?/?,•-  a/2  as  a 
--pf  o ■>.;>!  cnri  of  a  -l  -n-r  rvslern  (Fig.  IV.  22'  is  determined  bv  the  integral 

A  7  ... 


0/2 


/•' (0)  =  f  Atoe?*wJ*,m0dz. 


aft 


(IV.  «£) 


boo  er : 


<§>[;;  -  0  ami  its  generalized  radiation  pattern 


(IV.  $6) 
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in  which  v  —  ~j^ cos  0  i«  the  generalized  angular  coordinate}  a  is  the  length 
of  the  linear  radiator;  %  is  the  length  of  the  wave;  0  is  the  angle  measured 
in  the  zoy  plane  from  the  Oz  axis;  and  £  ...•  2 ala  is  the  standardized  linear 
coordinate. 

.  The  coefficient  o  '  directivity  of  the  antenna  can  be  computed  from  the 
formula 


n  _  fcu  _ 1 

0==T“  -SET 


m 

j  P(v)dv 


—X8/h 


(IV.  5?) 


If  the  utilization  factor  of  an  antenna  surface  equal  to  the  ratio  of 
the  coefficient  of  directivity  of  a  given  antenna  and  an  antenna  with 
uniform  amplitude  and  phase  distribution  is  determined  by  the  expression 

n 

f*  na/K  ’ 

j  #“<«■)*  (IV.  58) 


— na/X 


G~  2|‘T 


For  specific  laws  of  field  dis+ribution  integration  gives  us  the  fol¬ 
lowing  expression  /  1  / : 

Uniform  distribution,  i.e.  A  (  i*  )  «  1,  / &/  £  Is 

sin  e  .  _ |  _ q  o 

'  o  *  »‘  =  1  <5  =  2X* 

The  distribution  A  (£)  •  cosn  x-^^p ,  /£/^l; 
when  n  is  an  odd  number 

F(o)-= 

n  I  cos  v  2 


<"->»/» 

n 

4.0 


•  n  ir  -n  ev^r  number 


n  [(2a-m)s--|j 

L  A  ^  J 

4  f  2.4.6-.-(n—  l)f?  /‘*2-|.6>..(2/i)\ 
«*  [  1.3.5*. •«  J  V  I-3.5-.  «"/’ 


nt 


sin  v 


fW-TB - r - 

R  [«-X] 


A**  l 


:'uf;  ci si  ribut ion 


..  _  f  1.3.5... (n -I)-)  r _ (n  1 .2)(n  +  4)-..2«  1 

*  '  j.  2.4.G.*  n  j  ['  («  r  lj  (n  •+  3;*..(2n  —  I)  j 

A  (&)  -■  I  -(!  -  AH’,  HI  *1: 

_ (2  4-  Ap _ . 

9[l-4d-A)  +  4-(l-A)*-]  * 
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Fig.  IV.  22.  Rectangular  wave  front 


Of  practical  importance  are  the  so-called  '’optimal"  antennas,  i.e. 
antennas  with  a  minimal  side  lobe  level  at  a  given  magnitude  of  width  of 
the  major  lobe.  Optimal  antennas  require  a  field  distribution  at  which 
infinitely  great  field  surges  occur  on  the  rim  of  the  aperture.  It  is 
anna rent  that  such  a  distribution  is  not  practically  realizable.  Antennas 
with  distribution  A  ( c, )  which  coincide  wit h  the  optimum,  but  having 
undershoots  of  the  field  or  current  are  referred  to  as  "qua si-optimal." 


The  standard  radiation  pattern  for  cnasi-ontimal  antennas  is  deter¬ 
mined  by  the  formula  £l8/  _  , 

ch  V^Arch^  —  0s  —  cos  v 


F(v)~ 


r  —  I 


(IV.  59) 


in  which  r  is  the  side  lobe  level. 

Amplitude  distribution  is  in  accordance  with 

2  f  _ _ _ 

A (£)  =  -aDir—])  J  ch  1  Arch* r  —  vx  —  cos v) cos vl dv. 


(IV.  60) 


Corresponding  to  it  are  the  relative  drops  of  the  field  or  current  on 
the  e''ges 


_ n_ _ 

Ail  -  "J  2  •* 


Arch*  r 


|  (ch  l^Arch*  r  —  i~  —  cos  i>) 


do 


Calculations  (\^J  show  that  for  a  side  lobe  level  of  r]_  ■  20  db 
and  rv  »  hO  db,  JX  ^  a  0.95  and  2  a  0.7U,  while  the  differences  in  cur- 
mst  on  the  anerture  rim  are  equal,  resoectively,  to  0.37  and  0.082. 


The  parameters  of  quasi-optimal  antennas  can  be  determined  from  the 
nomogram  (Fig.  IV.  23). 


The  formulas  cited  in  #8  can  be  used  for  computing  radia'1  •  -  oatterns 
and  determining  the  efficiency  of  a  rectangular  wave  front. 
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Pig.  IV.  23.  Nomogram  for  determining  the  parameters  of  "quaei-optimal" 

antennas 


Phased  Antennas  With 
Circular  Apertures 

The  radiation  petie'-n  o?  a  circular,  phased  wave  front  with  an  am- 
nlitude  distribute  A  (fe)  along  the  radius  D/2  is  determined  t>y  the 
integral 


i 

ic(")  =  p  (l)  Jo 
"  39 


i 

i 


-  ■  - -- 


(IV  .  61) 


in  which  I  ■  2o/D  is  the  standardized  coordinate  ir  the  aperture;  p  is 
the  nolar  coordinate  in  the  aoerture;  J0  (v  )  is  a  zero  order  Bessel  func¬ 
tion;  v  *^D/X  fin  0  is  the  generalized  spatial  angular  coordinate;  and  r 
0  is  the  angle  measured  from  the  normal  to  the  wave  front.  /31c 

The  coefficient  of  directivity  of  a  circular  wave  front  is  enual  to 


in  which 


c==(t 3r)V . 

|p  (l)dl 

t=  — ;  . 


(r'.  62) 


For  distributions  A ,  (£)  =  I.  A.  (;)  =■ >  —  £,*  m  -4s  (£)  =  (1  —  £)J  the 
pattern,  the  surface  utilization  factor,  and  the  coefficient  of  directivity 
are  determined  by  the  following  formulas: 


Fi(v)~±P-.  ih  =  1.0.  Gi  =  «*  (t-P 

Ft  (r)  »  ,  |t,  =  0,75,  Gt  =  7,4  (-£-) 1 ;  ’ 

^'-=0,55,  G3  =  5,53(-£-)\ 


in  which  J^(v),  J2  (v),  and  J^(v)  ar»'  Besrel  functions  of  the  first,  second, 
and  third  orders. 


Iffect  of  Phase  Distribution  on  the  Radiation  Pattern  of  a  Wave  Front 

The  radiation  pattern  of  a  wave  front  with  a  field  phase  distribution 
d><4>>  is  determined  by  an  integral  of  the  following  form 


F  (v)  ~  ~  J  A  (l)  el  l«  «>-«  <Uldi. 


(IV.  63) 


Analysis  of  this  exoression  shows  that  phase  distribution  substantially 
affects  the  form  of  the  radiation  patter  and,  therefore,  the  value  of  the 
antenna  coefficient  of  directivity. 

In  general,  ohase  distribution  is  a  non-lfnear  function  which  can  be 
approximated  by  the  follovdng  series:  Z317 

®  (z)  =  ?.  +  fii  +  &  i-  p>  +  •  •  •  =  £  p„z".  (IV.  61*) 

As  a  rule,  the  soecific  value  of  members  of  the  fourth  order  snd  higher 
orders  is  low,  honco  in  oractical  computations  only  the  first  four  terms 
are  taken  into  account.  The  first  term  P  0  corresponds  to  a  case  of  chase 
uniformity  along  the  aperture.  No  change  in  the  radiation  pattern  is  pro¬ 
duced.  The  second  term  charset-  rizes  the  linear  phase  distribution.  The 
magnitude  expr  sses  the  maximum  deviation  of  phase  on  the  aperture  edge. 
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in  which  ^  “  2o/D  is  the  standardized  coordinate  in  the  aperture;  p  is 
the  nolar  coordinate  in  the  aperture;  JQ  (v  &  )  is  a  zero  order  Bessel  func¬ 
tion;  v  •nu/X  rin  0  is  the  reneralized  spatial  angular  coordinate:  and  _ 

®  is  the  angle  measured  from  the  normal  to  the  wave  front,  r$\t 

The  coefficient  of  directivity  of  a  circular  wave  front  is  e^ual  to 


(IV.  62) 


in  which 


U(EME 

P  =  -f - . 

0 

For  distributions  At  (l)  =  1.  A,  (l)  =»  \  h  Au  (|)  =  (l  —  £)j  the 
pattern,  the  surface  utilization  factor,  and  the  coefficient  of  directivity 
are  determined  by  the  following  formulas: 


(v)  —  -L~  .  Ih  =  1 ,0,  e1=s»*  (-£)’; 

F,  (v)  -  .  |i,  =  0,75,  Go  =  7,4  (.g>  "  ‘ 

F3  H3  —  0.55,  03  =  5,53  (-£)’, 


in  which  J^v),  J2  (v),  and  J3(v)  are  Bessel  functions  of  the  first,  second, 
and  third  orders. 


Effect  of  Phase  Distribution  on  the  Radiation  Pattern  of  a  Wave  Front 

rhe  radiation  pattern  of  a  wave  front  with  a  field  phase  distribution 
CP(^,)  is  determined  by  an  integral  of  the  following  form 


« 

F{v)^-  ~\ A  (g) el  1° (i>-® 


(IV.  63) 


Analysis  of  this  expression  shows  that  phase  distribul  ion  substantially 
affects  the  form  of  the  radiation  patter  and,  therefore,  the  value  of  the 
antenna  coefficient  of  directivity. 

In  general,  chase  distribution  is  a  non-linear  function  which  can  be 
approximated  by  the  following  series:  /317 


«D(Z)  =  +  Pl2  +  &  ■).  (^>4-...=  £  fan. 

n=-.o 


(IV.  64) 


/•s  a  rule,  the  specific  value  of  members  of  the  fourth  order  and  higher 
orders  is  low,  hence  in  practical  computations  only  the  first  four  terms 
are  taken  plo  account.  The  first  term  P  0  corresponds  to  a  case  of  phase 
uniformity  along  the  aperture.  No  change  in  the  radiation  pattern  is  pro¬ 
duced.  ihe  second  term  charact-  rises  the  linear  phase  distribution.  The 
magnitude  pi  expr  sses  the  maximum  deviation  of  phase  on  the  aperture  edge. 
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(IV.  65) 


The  radiation  pattern  of  a  wave  front,  given  linear  phase  distribution, 
is  determined  by  the  integral 

/•'(«)  =  J  A(z) 

•a/a 

solution  of  which,  with  A  (z)  «  1  pives  the  expression 

eim-a  -  lx (I°“>  +’/')] 

W  .  ■  (IT.  65) 

From  formula  (VII.  6£)  it  is  apparent  that  the  direction  of  maximum 
radiation  of  the  radiation  pattern  is  oriented  at  an  angle  of  9^  *  arccos  - 
to  its  aperture.  The  shaoe  of  the  radiation  pattern  remains  the  same. 

The  third  term  in  the  formula  (IV,  6ii)  fi  gz2  determines  the  magnitude 
of  the  quadratic  ohase  error  which  appears  either  as  s  result  of  inaccuracy 
of  performance  (shifting  of  the  exciter  from  the  focal  point  along  the  axis 
of  the  reflector)  or  because  of  shortcomings  in  the  very  design  of  the  an¬ 
tenna  itself,  f  r  example,  as  in  8  horn  antenna. 

•/» 

In  a  uniform  amplitude  distribution  F{0)=  J  dz 

.  -i/» 

which,  after  applying  the  following  substitution 


becomes 


in  which 


F ~r  fe*  3  dt ' 

h.  2  =  ]/%  (“X* cos  0  •*  ■ 


(IV.  66) 


The  integral  (IV.  66)  is  computed  through  the  Frennel  integrals  C(t) 
and  S  (t)  by  the  formula 

F  (6)  =  -0-:  Y\  I  KIC  (/,)  -  C  (/,)!*  -i-  IS  (7J  -  S  (/,)?  i . 


•  nc  c-uare  error  produces  a  symetrical  distortion  in  the  radiation 

ppt.fr. 

Ii  is  apparent  from  confutation  that  non- uniformity  of  the  wave  front 
weakens  the  effect  of  ■•he  square  ohase  error.  The  generalized  radiation 
oatterns  of  ■the  wave  front  with  souare  phase  error  are  shown  in  Fig.  IV.  24. 

The  fourth  member  of  the  series  (IV.  6U)  {5  is  called  the  cubic 
phase  error.  This  hase  error  appears  when  there  is  a  marked  lateral  shifting 
of  ihe  primary  radiation  elements  in  reflector  and  lens  type  antennas  away 
from  their  focuses  in  a  Plane  perpendicular  to  the  focal  axis.  Here,  the 
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deflection  in  the  radiation  pattern  is  accompanied  by  a  distortion  in  the 
shane  o t  the  major  lobe  and  bv  an  increase  in  the  eide  lobe  level. 


Formulas  for  the  computation  of  the  radiation  pattern  of  a  wave  front 
with  cubical  phase  distribution  are  given  in  £l2 J, 


The  integral 


-i/2 


is  computed  in  accordance  with  the  following  formulas: 
when  v  <  2p  —  y  3p 

T  ® ^ cos -i- (op- tacos® +  20)1 

F  <9)  =  u^-rUd,)--^ - ~ - rr— ~  ; 

2y3p  [  (*T - y-  co*e  +  3Pj  J 

when  v  >  3p  +  y  3p 

Cla  cos-j-  (op  — tacos  0+'2p) 

f(9>=^-(A_^LM..  +  3P)’-4-: 

*t*m  2fi  -V  3p  <  ■'  <  3P  •!•  r'3p 

f(°)= 2]  V \ ^ ^  y-v- 

-f(V^i  c«(4 1-~=7;) + [s (]/ j— ;) - 

X  sill  ^ZTj)  j  4  4r 5in  (P  “  Vl)> 

in  v/hich 

A  (2)  =  C0  cos  •— ;  t»,.t  -  (*a  cos  0  -f-  Po  ±  n); 


P  --  P*  . U  (i  1)  is  the  Hry's  integral  whose  magnitude  is  determined  from 
table?  for  the  argument  ^  .  t,  /®  jjp  ^320 

The  relationship  of  the  general  radiation  pattern  to  the  magnitude  of 
the  cubic  chase  error  with  different  amplitude  distributions  is  shown  in 
Fig.  IV.  25. 

In  actual  practice  we  often  deal  with  complex  amplitude-phase  distri¬ 
butions  which  do  not  lend  themselves  to  accurate  approximations.  In  such 
circumstances  computation  of  the  integral  (IV.  $$)  can  be  achieved  by  the 
numerical  integral  ion  or  "st-tinnary  phase”  methods  4 ,  12/. 
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Iladiation  pattern  of  a  wave  front  with  square  phase  error* 
a  -  when  A  (£,)  «  1;  b  -  when  A  ({^)  *  cos^ 


In  the  first  case  the  complex  integral  is  the  sum  of  two  integrals  to  ' 
each  of  which  is  applied  one  of  the  formulas  of  numerical  integration,  as, 
for  example,  the  Simpson  formula 

a/2  a/0 

/••  (0)  =  J  A  (2)  e1**  <»>  dz  |  A  (z)  cos  £tj>  (2)  dz  + 

—•n  -«/2 

on 

■  +i  J  /4(2)sln  k$(z)  dz  =  Jt  +  IJi, 

-a/2 

A  =  “3^“  Ole  +  4*U  +  2t)j  -f-  4 n,  -f-  •  •  •  4-  -f* Hi);  . 

^  =  1 cr  (&>  +  ^Si  +  2^3  +  •  *  •  +  4g/>_,  +  n*). 

•  in  which 

H  (2t)  =  kzt  cos  0  +  0  (?,); 
r\,  =  A  (2,)  cos  k\ p  (z,)\  h-A  ( z, )  sin  (2,), 

n  is  the  number  of  segments  of  the  interval  £  -  a/2,  a/2 J . 


F(l),dB 


am 
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Fig.  IV.  25.  Radiation  pattern  of  wavefront  with  cubic  error 
a  -  when  A  (  &  )  »  1;  b  -  when  A  (  §  )  =  cos“TJ& 


The  "stationary  phase"  method  gives  the  following  asymptotic  expansion 
of  the  integral  (IV.  &)  QfJ :  ^322 

|*  A  (2)  «/*♦<«  dz  =  ]/ <C)  +  T1  { A  (c)  +~j£  X 
-«/» * 

v  r  ^  mlv  (c) + ^  (o  f  w ± dl <c>  Vfr)  , 

X  [  n**  {C)J1  j }  i- 

,  1  flizl/*  (?)  *  (  2~).  ~^(~H 

+  '*  [♦' (t)  *'(-t)  J' 

in  which  c  is  the  value  of  a  point  of  the  stationary  phase  determined 
from  the  equation 

dz  ”  * 

Horn  Antennas 

The  horn  antenna  is  a  waveguide  equipped  with  a  horn  adapter  in  the 
form  of  a  sector,  pyramid  or  cone.  The  uniform  change  in  the  cross  section 
of  the  horn  virtually  excludes  the  formation  of  higher  type  waves  in  the 
antenna „ 

V/e  distinguish  between  the  following  kinds  of  horn  antennas  (Fig.  IV.  26): 
sectoral  (  H  plane  anc  E  plane)  types  formed  by  expanding  the  waveguide  in 
one  of  the  planes;  pyramidal;  conical;  and  biconical  (one-sided  and  two- 
sided). 

A  uniform  transformation  of  the  waveguide  field  to  free  soace  occurs 
in  the  horns.  Increasing  the  horn  aperture  a  has  the  effect  of  narrowing 
the  radiation  pattern.  Atteimts  to  match  the  waveguide  with  free  space  and 
to  decrease  phase  errors  has  the  following  effect:  as  the  h  m  aperture 
is  increased  there  is  a  corresponding  increase  in  the  length  of  its  1  value. 

If  an  :!io  tyoe  wave  is  excited  in  a  waveguide  feeding  the  horn,  the 
phase  error  on  the  edges  of  the  aperture  whose  angle  does  not  exceed  60° 
is  equal  to: 

for  an  H-plane  horn 


for  an  E-plane  horn 


n  ill  ~  ’* 


(I>m  =*-£-. 


The  amplitude  and  phase  distribution  for  the  H-  and  3-plnnas  of  horns, 
respectively,  is:  /323 

along  the  a  dimension 

cos  4*.  I  -  ■ 

A{l)  =  -~1-,  «>(£)  =  0; 
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Fig.  17,  26.  Horn  antennas:  a  -  H-plmej  b  -  IS'-plane;  c  -  pyramidal; 
d  -  conical;  e  -  one-sided  biconicpl;  f.  two-sided  biconical. 

plon?  the  b  dimension 

A®=lt  .«D(i)  =  0,  6  =  4-; 

‘-he  radiation  pattern  of  sectoral  horns  is  derived  usinr  the  following 
formulas  flf,J 

fW-  fc-i  (IV.  67) 


in  the  H  pl?ne 


=  IlC  (a 


Z32U 


F  (0)  =  I  (C  (a,)  +  C  (a.,)  —  /S  (a,)  —  /S  (cc2)]  e  *»  -h 


-r  1C  (P.)  +  C  (fc)  -  /S  (p>)  -  jS  (P*)l  c  1  «*J  *  dv*  *8> 


in  which 


u  =  sin  0*  n  ~  ^nJx,  Om  --  na*/4X/; 
a,  =  V^--Tfgr.  «,=  V^  +  T3-=r.  = 


For  '.he  ii-olano  horn: 
in  the  H  ol-ne 


cos  (a  -T-  sin  6^ 

•  f(0)== — X r4— -4-; 

l-(2xsln0) 


(IV.  69) 


in  the  E  plane 


IK  which 


F  (0)  =  !  IC  (V.)  +  c  (Y,)l  -  j  [S  (V,  f  S  (Yj)1  | .  (IV# 


«  =  -r-sln°,  n  =  Q)maJn,  0 >„„x  =  a&*/4W. 

Formulas  (IV.  68)  and  (IV.  70)  make  it  possible  to  compute  the  radiation 
patte  ns  of  pyramidal  and  biconical  horns.  In  the  case  of  the  latter  they 
are  applicable  to  the  vertical  plane  /"formula  (IV.  68)  in  horizontal  polari¬ 
sation  and  formula  (IV.  70)  in  the  vertical  system  of  polarization^ 

The  optimal  construction  dimensions  of  a  horn  (L  -  length  of  horn  i.e. 
the  distance  from  the  peak  of  the  horn  to  its  aperture,  and  0  ,  the  horn 
aperture  anrle)  are  determined  by  the  following  expressions: 

for  the  H-olane  horn 


I _ o* 

L»  -  ir 


=  arccos 


8 


for  the  E-pl8ne  horn 


/  -JL 

Le  —  ”5j~ 


X  o0  ale 

T’  -F  =  arccosH7=Ti 


for  the  conical  horn 


L~TaT  0fIS  2*  ~ 


arccos 


L  +  0.3X* 


(IV.  71) 


(IV.  72) 


(IV.  73) 


The  coefficient  of  directivity  depends  on  the  magnitude  of  the  surface 
utilization  factor  of  the  wave  front. 


0  =  ab\ i  *  *  . 


(IV.  7U) 


For  sectoral  H~  -nd  S-plane  horns  the  utilization  factor  is  determined 
from  the  exp  regions: 


l*i»  « -p-  I  IC  (u)  -  C  (»)J*  +  (S  («)  -  S  (u)lJ }; 


J*£  =  -^{IC(w)1j  +  [SHJ*}, 


-in  which 


tv  x 

X  /  2/ 


(iv.  7?) 
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For  optimal  E-  and  H-  plane  horns  bop^  -  1/2  Xl,  a0p^  ■  f  3  M» 
therefore, jm  2  -  0.64,  and  JX  jj  *  0/3. 

The  surface  utilization  factor  of  a  ->yrr-".idal  horn  antenna  is  found 
from  the  formula 

H  UC  («)  -  C  (t»)l*  +  !S  (u)-S  (u)l*|  x 

x  |  [C  (u»)J3  +  [S  (u>)]*},  (*?•  76) 

in  which  Lg  and  Lg  represent  the  length  of  the  horn  from  its  peak  to  the 
aperture  in  the  E-  and  H-planes. 

Fig.  IV.  2?  is  a  nomogram  used  for  determining  the  coefficient  of 
directivity  of  a  pyramidal  horn.  The  values  %  and  Gg  are  found  from  the 
construction  parameters  and  then  from  the  formula 

g  =  -£-g„o„  (it.  77) 

the  required  coefficient  of  directivity  is  obtained. 

The  diameter  of  an  optimal  conical  horn  is  equal  to 

d=yw,  (xn,  78; 

end  the  coefficient  of  directivity  corresponding  to  it  is  determine  ‘ rom 
the  expression  ["l 9j  (327 

0=  (20lgn4-2,82).  (17.  79) 

The  coefficient  of  directivity  of  biconical  horns  can  be  computed  from 
the  value  of  the  coefficient  of  directivity  of  sectoral  horns  /T kj%  Thus, 
for  a  biconical  horn  with  v  rtical  nolsrization 

G6hk  =  GE  W’  (XV.  80) 

nnd  for  a  beconical  horn  with  horizontal  polariaation 

cs«=°»isr*  '  (iv- 81) 

To  improve  the  bslancir?  conditions  of  the  horn  antenna  and  to  improve 
the  coefficient  of  directivity  use  is  made  of  exponential  or  smooth  transi- 
tions  from  the  waveguide  to  the  horn,  ohase-correct?n  lens  inserts,  length¬ 
ening  and  shortening  the  horn  inserts,  and  replacing  one  lonp  horn  with  a 
grid  made  up  of  short  horn  antennas. 


Lens  Antennas 

i'he  Ions  antenna  consists  of  an  exciter  with  ooor  directivity  and  a 
lens  (Fip.  TV.  28).  The  lens  consists  of  a  radio  oermittive  body  with  one 
or  two  surfaces  of  a  secondary  order(quadric  surfaces).  Its  principal 
dimensions  are  D  and  d.  It  is  designed  to  convert  the  spherical  or 
cylindrical  ’-aves  of  the  exciter  into  the  planar  wave  front  of  the  antenna 
aperture  which  forms  the  narrow  radiation  pattern.  Such  a  transformation 
of  the  radio  wave  in  the  lens  is  possible  when  its  indtr  of  refraction  n  /  1, 
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or  when  n  -  1  due  to  the  difference  in  beam  travel. 
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Fig.  IV.  27.  Nomogram  for  determining  the  coefficient  of  directivity 

of  a  pyramidal  horn.  /326 


Fig.  IV.  28.  Lens  antennas:  a  -  retarding  type;  b  -  accelerating  type. 

Lens  antennas  are  classed  according  to  the  method  by  which  they  perform 
their  basic  function.  One  differentiates  between  the  following  kinds  of 
lenses:  delaying  (v<4  <  c);  accelerating  <T4>.  c);  and  lenses  vrhich  delsv 
owing  to  changes  in  The  difference  of  beam  travel  (v<£  *  c),  /328 

From  the  structur-1  standpoint  lenses  may  be  dielectrical,  metal-dielec 
trie,  metal-nlastic,  and  motal-air. 

Vhe  cross  section  of  a  delaying  lens  is  a  hvo  rbola  described  by  the 
ea nation 


x7  («’  -  1)  +  2[x  (n-l)-y-^  0, 


(IV.  82) 


in  which  n  ■  c/v  •‘V  s’  1;  S'  is  the  relative  dielectric  penetrance  of 
tnc  Inns  mat.  ri-1. 


The  cross  section  of,  accelerating  lenses  is  described  by  the  equation 
for  an  ellipse 

**  0  —  ri)  +  2/x  (1  -  n)  +  ya;=  0,  ^ 

in  which  '  «  =  civ  —  V l  —  (7.12a)'  <1;  a  is  the  distance  between  the 
parallel  pl?tes  of  the  lens  {  a  >  0.5  X);  end  t  is  the  focal  distance  of 
the  lens. 

The  relationship  between  the  dimensions  of  the  plano-convex  lens  of 
the  antenna,  D,  F,  d  ,  arid  the  coefficient  n  is  established  by  the  follow¬ 
ing  expression:  _ ... 

4-V-  J--J==r — - 


D(n+  1)  * 


(IV.  8U) 


It  is  apparent,  therefore,  that  the  thickness  of  the  lens  decreases  as 
1  increases  and  the  focal  distance  f  increases.  Consequently,  the 
weight  of  the  lens  can  be  decreased  by  lowering  the  efficiency  and  Increasing 
antenna  dimensions.  In  designing  antennas  with  retarding  lenses  D  is 
usually  taken  as  equal  to  f  and  n  »  1.5  -  1.7,  and  the  thickness  of  the 
lens  d  *  (0.15  •*  0.20)  D. 

To  decrease  the  weight  of  the  antenna  the  lens  is  zoned  (Fig.  IV.  29). 
The  idea  behind  zoning  is  to  exclude  those  areas  of -the  lens  body  within 
whose  limits  the  field  phases  change  by  a  whole  number  of  2rj  radians. 

In  contrast  to  the  non-zoned  delaying  lens,  the  zoned  lenses  have  a  narrower 
frequency  band. 

Delaying  lenses  are  made  of  dielectrics  with  £  *  *  2-3;  have  low  loss, 
and  possess  high  mechanical  strength  and  thermostability.  Satisfying  these 
requirements  are  materials  like  polystvrole  (  6’  *  2.3  -  2.6,  tg<5-  10“**  - 

-  10“3),  Dolytetrafluoroethylene-U  ( $  *  2.0,  tg$ *  10~M  and  artificial 
dielectrics  (metal-dielectrics).  Metal  dielectrics  consist  of  metallic  ele¬ 
ments  (balls,  plates,  discs)  disposed  in  a  definite  way  in  the  body  of  the 
dielectric  lens  [~7 j. 

The  refractive  index  of  a  metel-dielectric  can  be  computed  from  the 
formula  .  _  _  _  ^329 


-vsrKO+f )(«■+■»>.  ■ 


(iv.  85) 


in  which  are  the  dielectric  and  magnetic  penetrances  of  the  medium 

in  which  the  metallic  elements  are  suspended ;  a  and  f  are  the  electrical 
and  magnetic  susceptibilities  of  the  elements;  R  is  Ahe  number  of  elements 
per  unit  volume  of  the  lens. 

The  parameters  ft  and  %  depend  on  the  form  and  dimension  of  the  elements. 

The  relationship  between  the  dimensions  of  +he  plnno-concave  accelera¬ 
ting  lens  D,  f,  md  d  ’’nd  Hr  index  of  refraction  n  is  determined  by- the 
equation  /l9_/  -  -  -  - 


J _ / _ i /  f*  ~ _ L__ 

D~D(\+n)  V  (I  +rt)5  D*  4(1— nl)  * 


(IV.  86) 
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Fig.  IV.  29.  Zoned  retarding  lens 


The  radicand  in  formula  (IV.  fi6)  has  real  value  in  the  condition 

f  i  /  I  +  n 

D  >  K  T^T’ 

therefore  the  focal  distance  of  the  accelerating  lens  should  be  f ^  0.5b. 


I 


t 


» 


The  metal-air  lens  antenna  consists  of  a  system  of  two  metallic  plates 
between  which  TEH  or  TE^  type  wave  are  propaged.  The  medium  inside  the 
8ntenna  is  uniform.  To  increase  the  electrical  strength  the  interior  space 
is  sometimes  filled  with  a  high  quality  dielectric. 

The  optical  paths  are  balanced  to  obtain  a  phased  wave  front  in  a  metal¬ 
air  lens  by  equalizing  the  geometric  paths  from  the  radiator  to  the  different 
ooints  of  the  aoerture.  Structurally,  this  is  achieved  by  curving  the  metallic 
surfaces  of  the  antenna.  Shown  in  Fig.  IV.  30a  is  an  antenna  with  a  "hunped" 
lens.  The  height  og  the  hump  in  the  center  portion  is  greatest,  decreasing 
to  zero  on  the  edges. 

Because  of  the  large  dimensions  of  the  plates  the  metal-air  lens  can 
be  considered  a  flat  waveguide  in  which  TEM  (Fig.  IV.  30  b),  TH,  and  TE 
(Fig.  IV.  30,  b)  waves  can  be  generated.  For  TEM  waves  the  critical  wave 
is  e  -ual  to  infinity,  hence  such  lenses  have  good  broadband  characteristics. 


Fig.  IV,  30.  Metal-air  lenss  a  -  general  view  of  antenna;  b  -  struc¬ 
ture  of  TEM  wave  field;  c  -  structure  of  TE^  field. 
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To  suppress  higher  type  waves  the  distance  between  the  plates  is  selected 
from  the  condition 

„  ^  . _  _  . 


2  KeT’ 


(iv.  c?) 


in  which- 6  is  the  relative  dielectric  oenetrance  of  1  he  medium  that  fills 
the  interior  space  of  the  lens, 

',-Jhen  the  TE]_  is  excited  the  critical  wave  is  f-niteXK  =  2a  and  the 
index  of  refraction  will  be  equal  to 


(IV.  83) 


The  distance  between  the  plates  for  this  kind  of  wave  should  be 
selected  from  the  condition 


2V'i~<a<  VV-  * 


(IV.  89) 


From  exoression  (IV.  88)  it  is  rr>t,rrent  that  the  metal-air  lens  with 
T3^  wave  has  disoorsional  oronorties  aid,  therefore,  it  has  a  leaser 
frequency  band.  owever,  a  lens  of  this  t**oe  is  capable  of  transmitting  a 
great  amount  of  sower;  its  metallic  su’-faces  can  be  secured  together  by 
means  of  metallic  rods  because  they  are  perpendicular  to  the  E  vector. 

'etollic  surfaces  in  the  form  of  conic  sections,  circular  cylinders, 
condensers,  and  the  like  may  be  used  in  the  construction  of  metal-air  lenses. 

o 

In  monv  instances  it.  is  convenient  to  have  s  lens  with  flat  surfaces 
of  refraction  (Fig.  IV.  31);  the  focusing  is  done  by  changing  the  index  of 
refraction  from  the  center  of  the  lens  to  the  neriphery.  If  the  index  of 
refraction  decreases  from  the  center  toward  the  edges  a  phased  wa  ve  front 
will  form  at.  the  lens  output. 

The  index  of  refraction  can  be  a  function  of  the  distance  r  from  the 

exciter  to  the  lens  „ 

.  _ "0  _ 


or  a  function  of  *  he  distance  x  from  the  focal-  axis  £~10  7 


n(x)  =  — 

ch2 d 


(IV.  90) 


(IV.  91) 


ir.  which  n0  is  tne  index  of  refraction  is  in  the  center  of  the  lens. 

'  variable  coefficient  of  refraction  can  readily  be  made  in  metal-plas¬ 
tic  and  metal-dielectric  lenses. 

The  discontinuous  Lunenberg  /  23  /  lens  resents  a  special  interest  in 
connection  with  the  resolution  of  the  oroblem  of  undistorted,  circular 
scanning.  This  lens  is  shr-oed  like  a  cylinder  or  sohr.re  whose  index  of 
refraction  is  a  function  of  the  radial  coordinate  p 

"(pi-l/R?)5- 

in  which  .1  is  the  raoius  of  the  Inns. 
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(IV.  92) 
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Fig.  IV.  31,  Metal-plastic  lens  with  variable  index  of  refraction 


Reflector  Antennas 


Reflector  antennas  are  deemed  the  best  UHF  antennas  insofar  *s  radio 
engineering  characteristics  are  concerned,  and  for  that  reason  they  are 
used  in  most  shipbome  rpdar  units.  The  basic  elements  of  these  antennae 
are  the  mirror  or  reflector,  and  the  exciter,  a  low  directivity  type  antenna. 

T'he  most  common  reflector  type  antennas  ! nclude  the  following  (Fig.  IV 
32):  parabolic  (paraboloid  of  rotation  and  parabolic  cylinder);  spherical 
and  sp hero-parabolic;  special  orofile  (to  form  cosecant  radiation  patterns); 
and  multiple  reflector  ^333 


Spherical  or  cylindrical  waves  from  the  exciter  are  converted  to  plane 
waves  in' the  reflector  antenna.  The  reflector,  which  is  in  the  form  of  a 
oaraboloid  of  rotation  or  a  s  here,  is  used  to  produce  a  needle-shaped 
radiation  pattern,  and  the  parabolic  cylinder  is  used  to  create  a  fan-shaped 
radiation  orttem.  The  latter  can  be  formed,  sis  -,  by  a  truncated  para¬ 
boloid  of  rotation. 


The  following  may  serve  as  the  primary  radiating  element  in  a  pprabolic 
or  spherical  reflector:  dipole  with  counter-reflector  (fir.  IV.  33a), 
a  double  slot  source  (Fig.  IV.  33, b),  the  onen  end  of  a  waveguide . and  a  horn. 


TV.  35.  Reflector  antenna  at  other  than  the  focal  po4at. 
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The  following  linear  radiators  are  used  ar  reflector?  in  the  form  of 
a  parabolic  cylinders  waveguide-slot,  horn-lens,  segmented  and  semi-segmented 
paraboloid  (Fig.  IV.  3b)  > 

In  engineering  practice  approximation  methods  are  used  for  computing 
the  field  of  radiation  of  reflector  antennas.  These  include  the  method 
cf  surface  currents  and  the  aperture  method.  The  first  makes  it  possible 
to  solve  the  radiation  problem  somewhat  more  accurately,  but  the  most 
common  is  the  aperture  method  becuase  of  the  simpler  mathematics  involved. 

The  radiation  patterns  of  a  reflector  antenna  in  the  two  principal 
planes  are  determined  from  formulas  cited  above  in  the  discussion  on  the 
linear  ohased  antenna  with  uniform  field  distribution  through  appropriate 
amplitude-phase  distribution.  The  latter  is  conputed  by  the  known  aperture 
a  ,  the  focal  distance  f0  ,  the  radiation  pattern  of  the  exciter,  and  its 
oosition  relative  to  the  reflector  focus. 

Generally,  when  the  exciter  is  moved  away  from  the  focal  point  FQ 
to  a  ooint  with  the  coordinates  p,  9  (Fig.  IV.  35),  the  distribution  func¬ 
tions  of  field  amplitudes  and  phases  _n  the  aperture  aro  determined  by 
formulas  f1 7  as  follows!  fy% 


Va,(x) 


p  =  y  (Mu-  N  sin  «)•  4-  [1  —  (-f)’  ~  N  cos  a]; 

TM  .•»  *!""**•  “  +  [,-(-r!-)1 — T- 

w "  : 


(iv.  93) 
(IV.  9k) 


in  which  A_(x)  is  the  amplitude  distribution  with  the  exciter  located  at  the 
focal  noint  of  the  reflector; 

«  =  W  =  JL  •  Mb  -£L 

"  a  »  "  /,  *  M  2/# 

The  coefficient  of  directivity  o^  a  reflector  antenna  is  determined 
bv  the  expression  4r^ 

(IV.  95) 

in  which  Ls  the  reflector  anerture  area;  Mi  is  the  multiplier  which  takes 
into  account  the  discontinuity  of  the  wave  front  and  the  fact  that  it  is  out 
of  ihase 

_ _  f  A  (S)  e'4’  dS  j3 

I  Reproduced  from  ^ — 1 _ ; 


best  available  ccpy. 


S  \A*[S)dS 


M2  **  multi~lior  -'hich  takes  into  account  the  "spillage"  of  exciter  energy 
beyonc  the  edges  of  the  reflector, 


j  do  ('(.  0)  sin  QilQdtf. 


m  =  V 


|  do  (<i .  0)  sin  0  dO  d<p ' 
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CO  if’  the  solid  '<npln  bounded  bv  !  we  periphery  of  the  reflector;  V<P  .8) 
is  t  he  radiation  pattern  of  the  exciter;  yU.  i:  a  factor  'hich  takes  into 
recount  the  rhield'np  effect  of  the  reflector  aperture  by  the  exciter 


J  d*  (S)  dS 


*q6a 


|*  i4*  (S)  dS 


S0fA  i?  t.hfi  shielding  area  of  the  exciter. 


To  eliminate  the  undesirable  r>.ienomenon  of  "spillage"  of  energy  out- 
rire  the  edges  of  the  reflector  it  is  irivi sable  to  increase  the  aperture  of 
the  letter,  decrease  the  focal  dist-nce,  or  utilize  an  exciter  with  great*.*' 
directivity.  The  latter  method  of  increasing  the  coefficient /A results  in 
incr'arin"  the  dimensions  of  the  exciter  (£«*»  ).  This  brings  about  greater 
shielding  of  the  reflector  aperture,  reducing  the  value  H3rmd  intensifying 
the  reaction  of  the  reflector  on  the  exciter,  as  =  result  o"  which  the 
conditions  for  matching  the  antenna  an'-’  the  oscillator  in  the  set  are  less 
favorable. 


leflector  reaction  on  the  exciter  can  bo  eliminated  by  several  techni¬ 
cal  procedures.  The  most  common  of  these  are  the  following:  compensation 
for  reflection  by  means  of  quarter  wave  plates;  utilizing  non- symmetrical 
reflectors;  use  of  cross  polarization. 


Tig.  17,  Vi.  .’nienna  with  non-symmetrical  reHector 


i  he  conroensat  jna  piste  ir  inserted  at  the  vertex  of  J  he  reflector  on  its 
i  ibr.'i't.e':  ride.  The  trlrkr  ers  of  the  plate  should  be  r  multiple  of  an 
odd  n  .mbnr  of  uarter  waves.  The  diameter  d  :>m  he  thickness  of  the 
nlste  t  j  taking  into  account  the  parabolic  form  of  the  reflector,  should 
hr  court  to  k 


(IV.  96) 


in  which  f0  is  the  for.ri  distance;  A  is  the  length  of  the  wave;  snd 
n  *  0,  1,  2,  3 ,  .  .  . 


If  we  use  for  the  reflector  a  portion  of  a  parabolic  reflector  lying 
above  the  focal  axis  (Fig.  IV.  3*)  rnd  the  exciter  at  the  focal  point  F0 
so  placed  that  the  maximum  lobe  of  its  radiation  pattern  be  oriented  approxi¬ 
mately  toward  the  center  of  the  non-syrrmetrical  reflector,  the  reflected 
signrl  will  be  propagated,  bv-psssing  the  exciter.  The  reflector  angles 
should  be  approximately  equal  to  VmlB  »=  2~i0\  V,  == 


The  antenna  with  cross  polarization  should  have  a  second  semi-transparent 
reflector  or  a  semi-transparent  shield  3  (Fig.  IV.  37).  The  shield  is  a 
dielectric  disc  with  built-in  parallel  conductors.  The  linearly  polarized 
wave  of  the  exciter  Ho  is  totally  reflected  from  the  shield,  striking 
the  reflector  3  with  the  dielectric  layer  deposited  upon  it  0.25  A.  in 
thickness.  This  layer  is  also  reinforced  with  an  application  of  conducting 
material.  Due  to  the  difference  in  8 mount  of  travel  of  the  reflected  waves 


Eh  pnc5  E^the  reflected  signal  E'OTP  will  be  horizontally  polarized. 


Under  these  conditions  the  energy  will  pass  freely  through  the  shield  3 
The  distance  between  the  conductors  of  the  reflector  and  the  shield  i§  select¬ 
ed  from  the  condition  £336 


A«S-g-* 


(IV.  07) 


To  lighten  the  construction,  decrease  the  weight,  and  lessen  the  sail 
effect  .-ntenna  reflectors  are  made  in  the  form  of  metallic  grids  and  arrays; 
they  --re  also  made  in  perforated  fora.  The  distance  between  grid  elements 
or  the  diameters  of  the  holes  of  a  perforated  reflector  should  be  such  that 
the  portion  of  the  energy  passing  through  the  reflector  should  not  exceed  lJ, 


For  arrays  consist' ng  of  parallel  rods  the  leakage  factor  «f  (ratio  of 
leakage  power  to  incident  power)  is  equal  to 


T  — 


1  + 


(IV.  98) 


in  which  %  is  the  wave  length;  &  is  the  distance  between  their  centers; 
and  d  is  the  diameter  of  the  rods  in  the  array. 


For  example,  in  the  case  of  an  arrav  tfith  A  /%  *  O.Oh  and  A  /d  *  10. 
the  factor  *  ss  8  •  10-3.  '  * 
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■  7.  Beam  Scanning  in  "Wave  Front"  Antennas 
Characteristics  of  Scanning  Devices 


•lectrical  and  mechanical  devices  are  used  to  scan  beams  in  a  certain 
sector  as  in  reflector  ^>nd  lens  antennas.  These  devices  can  periodically 
shift  the  exciter  in  a  certain  trajectory  ihat  nesses  through  the  antenna 
focus.  /337 

l‘hc  major  lobe  is  deflected  in  -  direction  opposite  that  taken  by  the 
exciter  Fi  (Fig.  IV.  38).  '.'hen  the  deflections  are  small  as»  a.  In  the 
case  of  vertical  antennas  when  the  exciter  is  shifted  away  from  the  focal 
ooint  in  a  plane  perpendicular  to  the  focal  axis  by  the  amount  p  a  non- 
ohased  wove  front  is  formed  in  the  aperture 


.  <l>(x)«-£-x  +A(*). 
/  0 
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ri",  !•/,  ?8.  lefloctor  antenna  with  scanning  beam. 

'"vn  second  torn  this  exoression  represents  the  cubic  ohase  error 
which  decreases  the  deflection  of  the  maximum  of  the  pattern  -nd  produces 
-  dirt-rti-  n  in  the  mrjor  lobe.  Therefore,  the  scanning  r-nrlo  will  be  less 
than  1  he  rngle  o*‘  deflection  of  the  exciter  a  ,  i.e. 


a,  -•  /*  |/*,% 


(IV.  100) 


in  -’hich  kn  <  1  is  the  reduction  factor  due  to  the  existence  of  phase 


error? . 


1  s  an  average  it  c«n  br  said  that 


— 0,33tg*-~ , 
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in  •••rich  ?1|)0  ir  the  -•>oerture  angle  of  the  reflector. 


v;ri  ‘‘/ff  tc  rock  ■  ■> .  berm  in  the  sector  2as  it  t?  necessary  that  the 
cxci+er  r*  -erf-.-pr  a  reciprocating  motion  within  the  limits  of 

•  -.•I::  ?p. 
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To  rof'iue  phase  errors  during  scanning  use  is  made  of  a  focusing  sys¬ 
tem  with  two  refracting  (aplanatic  lenses)  or  two  reflecting  surfaces 
(dual  reflecting  systems).  In  the  case  of  double  reflector  antennas  it  is 
more  convenient  to  scan  the  beam  bv  rocking  the  second  (small)  reflector* 

To  increase  the  scanning  sector  spherical  and  sphero-narsbolic  re¬ 
flectors  are  not  infrequently  used.  The  exciter  in  these  antennas  is 
shifted  along  the  circular  arc  of  a  concentric  sphere  of  'he  reflector. 

The  radius  of  the  arc  is  approximately  equal  to  O.'jR  of  the  sphere*  One 
of  the  drawbacks  of  a  spheric*!  reflector  is  the  fact  that  a  wave  front 
with  a  square  phase  error  is  formed  in  the  aperture.  £3! 

In  the  customary  parabolic  antenna  when  the  reflector  is  wobbled 
relative  to  the  fixed  exciter  to  get  the  same  angle  as  the  required  angle 
a  need  be  one-half  as  great  as  that  required  when  wobbling  the  exciter. 

The  curve  along  which  the  exciter  moves  should  satisfy  the  following 
contradictory  requirements:  the  need  for  minimal  phase  errors;  constant  am¬ 
plitude  distribution  on  the  reflector;  the  curve  should  be  technically 
realizable  by  the  electro-mecnanical  scanning  devices  at  a  given  scanning 
frequency.  In  this  connection  the  circle  is  the  most  convenient  trajectory 
for  the  movement  of  the  exciter. 


Conical  Scanning 

vmical  scanring  on  the  axis  of  symmetrical  reflectors  (or  lenses)  is 
accomplished  bv  rotating  the  exciter  about  the  focal  axis  (Fig.  IV.  39), 
Scanning  the  beam  in  space  in  this  manner  makes  it  possible  to  attain  zones 
of  equal  strength  in  the  two  main  planes;  these  p re  used  in  radar  work 
for  making  precision  measurements  of  two  angul*'  r  coordinates. 


’his  t-  ve  0  scanner  Lr  u.-ed  in  metal-a^r  lenses  (Fig.  IV.  I/O.  The 
flat  nart  of  the  lens  is  oqui cried  with  a  sloping,  flat  reflector  and  turns 
into  a  helix  m  the  end  'ortion  of  weich  !  ee  exciter  escribes  a  rotary 
motion. 
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ho  l.'.lic"]  :  c?  ni.'.ng  device  c:«i*  •/«•!••  r;  Hi*:  c  iron  Hr  movement  of  the 
nxc  t'-  into  the  linear  scanning  of  the  antenna  beam.  The  complete  cycle 
of  bean  ’'obblinf  within  the  limit.*-  of  2as  is  achieved  in  onr  complete  turn 
of  the  exciter. 

The  helical  scanner  has  sufficient  broad  band  and  nermits  beam  scanning 
at  r  rrrecit  frequency. 


totary  Scanner 

ine  rotary  scanner  (Fip.  IV.  el)  consists  of  a  fixed  exciter,  a  fixed 
adapter  of  bent  •■•aveguides  (stator)  and  a  movable  waveguide  adapts-  (rotor). 
The  radiating  element  3  illuminates  seve-al  adjacent  waveguides  of  the 
rotor  2.  Depending  on  the  position  of  the  rotor  the  energy  is  transmitted 
toward  a  specific  group  of  waveguides  of  stator  1.  This  is  e'-ual  to 
shifting  the  phase  center  of  the  reflector  or  the  lens. 


.1'-.  :‘>7,  2*1 .  .lotary  scanner.  1  -  stator;  2  -  rotor;  3  -  exciter. 

.in  rotary  scanner  does  not  require  rotat:ng  articulation  inasmuch  as 
J hi  exciter  is  rigid.  Its  sooed  of  rotation  compared  with  the  helical  sc^n- 
r,  r  ‘  *1  f‘  !>r  great  because  or  Hip  fact  that  two  rocking  cycles  occur  in 

1  '•*  v  '  no  r  -lor. 

!'*ir  so-nner  has  loss  band  coverage,  however,  -nri,  because  of  wave 
r* •fit  e  •  >on.s  from  J  he  ondr  of  the  rotor  and  stator  hay  lower  efficiency. 

Conical  Scanners 

Jn  con* rapt,  to  the  other  t 'oes  discussed,  conical  scanneirhave  a  linear 
-hased  or  direct  phasedrather  than  a  noint  source  exciter  /~22_7 .  The 
device  co-.r.ists  of  a  system  of  two  coaxial  metallic  cones  (?ig7  IV,  2*2) 
o'-  which  the  exterior  one  3  is  fixed  and  the  Interior  one  2  rotates. 

roo  l4 near  exciter  is  connected  via  a  slot  cut  lengthwise  along  the 
rei  era!  ri.<  of  one  of  the  cones.  :he  wave  propagated  in  the  inter-conal  space 
4r  r-d ' -tod  through  the  linear  r-erture  1  of  the  fxec'  cone.  Due  to  the 
d;  ssinilar  diameter  of  the  bases  of  the  truncated  cone  the  oa+hs  of  the 


^F&*5--£3£53r-it$8??F-'^  ••• 
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besr:.  in  *:■:  oonicpl  waveguide  are  different  and  a  linear  non-phased  wave 
frcr1  vi- 11  co  fvrmed  in  the  aperture.  ’.’hen  the  rotor  turns  the  slope  of 
‘.his  “r ;ni  changes,  thereby  insuring  beam  scanning. 

2 


Fig,  IV,  h2.  Gonersl  view  of  a  conical  scanner. 
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Fig.  IV.  i*3«  Cross  section  of  conical  scanning  devices:  a  -  feed 
through  the  stator;  b.  feed  through  the  rotor; 
c.  comb-shmed  articulation. 

Conical  scanner  can  he  made  in  two  versions  (Fig.  IV.  U3),  The  first 
version  calls  for  switching  in  the  linear  exciter  through  a  stator  slot, 
and  in  the  secono  version  the  exciter  is  switched  in  through  a  rotor  slot, 
s  ;e  can  see,  in  the  first  version  the  wave  propagated  from  the  longitudinal 
riot-  of  the  stator  1  travel,  between  the  cones  afer*  helm*  reflected 
four  l  iner  from  the  »,'iflor*inrr  surfaces  2,  3,  ‘v,  and  6  -r.d  l  hen  reaches 
•he  ••'."lure  h.  In  +'-‘ir  ve  :;ion  the  reflecting  surfaces  of  the  scanner  are 
made  in  c  ir.b-shaoe  oat'orn.  ine  reflecting  surfaces  of  the  seco  d  version 
are  continuous,  The  stator  reflector  is  nrde  in  the  form  of  a  sloping 
projection  9  and  the  rotor  reflector  is  made  in  the  form  of  a  slot  and 
loop  7  wi+h  zero  inout.  impedance.  (% 1 

Too  first  derim  requires  extreme  accuracy  in  fabrication,  does  not 
”oq  '  Ire  Totaling  ’’"ticuirl  ton,  i:  broad  banded,  and  makes  two  scans  per 
t-rn  of  the  rotor.  The  second  design  is  sinple  but  coders  a  narrower  fre- 
T'oncv  brnd  -nd  requires  a  special  rotation  articulation  which  enables  trans¬ 
mitting  the  energy  from  the  fixed  oscillator  to  the  turning  rotor.  Only 
me  sc;n  i:  nroduced  with  each  turn  of  +he  rotor  in  this  case. 


Adanatic  Lens  and  leflecting  Antennas 

on-diftortina  scanning  of  a  besm  in  lens  and  reflector  antennas  is 
inrured  b-  meeting  "sine  conditions. "  By  analy  with  optical  systems  antennas 
in  -;tilch  this  condition  is  me+  me  known  as  aolana-tic  antennas. 

Reproduced  from  Ci 
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Since  splenetic  antennas  have  t  >  meet,  "phased  beam  conditions"  in  ad¬ 
dition  to  "sine  conditions"  they  have  two  refracting  or  two  reflecting 
surfaces. 

in  achieving  "phasing  conditions"  the  emerging  beams  are  parallel  to 
the  rntennr  axis. 

i'he  sine  condition  is  achieved  if  all  the  incident  beams  from  the 
focal  point  and  their  corresponding  emerging  beams  intersect  on  a  circle 
tne  center  of  which  lies  in  the  focal  point  of  the  system.  The  radius  of 
this  circle  will  be  enual  to  the  focal  distance  of  the  antenna. 


The  sheoes  of  ‘he  lens  and  reflecting,  aplanatic  antennas  can  be 

computed  bv  the  graphical  and  analytical  methods  using  the  procedure 

described  in  /"lly.  rr - ; - - - 
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CHAPTER  VI 


AUTOMATIC  TARGET  TRACKING  SYSTEMS  , 


"/' 


1.  General  Information  / 
Types  of  Automatic  Target  Tracking  Systems 


/U37 


When  reference  is  made  to  tracking  s  target  it  generally  means  the 
uninterrupted  flow  of  information  about  a  target's  present  coordinates  in 
the  form  of  voltages  or  currents  or  turns  of  shaft  angles  in  r>ertinent  in¬ 
dicators.  For  example,  when  conducting  observations  with  a  shipborne 
radar  unit  of  a  surface  target  the  tracking  process  consists  of  develop¬ 
ing  data  relative  to  its  present  range  and  any  changes  in  its  azimuth  or 
course  angle.  Vhen  tracking  an  air  target  the  procedure  consists  in 
making  continuous  measurements  of  three  coordinates:  the  slant  range,  the 
azimuth,  and  the  elevation. 


In  the  case  of  non-automatic  equipment  tracking  for  range  and  angular 
coordinates  is  performed  manually  by  one  or  several  ooerators  on  the  basis 
of  data  obtained  from  obse'-ving  the  positions  of  target  markers  on  the  plan 
position  indicators.  One  advantage  of  manual  tracking  is  that  the  opera¬ 
tor  can  consciously  differentiate  between  echoes  given  off  by  a  tracked 
target  and  those  by  other  targets.  Another  advantage  is  that  the  target 
can  be  tracked  under  conditions  when  the  ratio  of  the  useful  signal  to  the 
interferences  is  enual  or  close  to  unity. 


A  disadvantage  of  this  kind  of  tracking  is  its  low  level  of  accuracy 
in  determining  present  coordinates,  especially  in  the  case  of  high  speed 
targets,  due  to  delayed  resronse  and  fatigue  on  the  part  of  the  operator. 

Fcr  that  reason,  Dresent  day  high  precision  radar  sets  generally  have  in¬ 
corporated  in  them  independent  servo  mechanisms  for  each  of  the  coordinates 
being  determined  to  insure  automatic  tracking  of  a  target  with  a  high  degree 
of  accuracy  wiih  a  minimum  amount  of  lag.  Devices  classed  as  discrete  or 
continuous  acting  automatic  control  systems  are  used  for  making  automatic 
measurements  of  present  range,  whereas  anplog  servo  systems  are  employed 
for  trackinp  targets  by  angular  coordinates. 


A  sysiem  of  automatic  target  tracking  by  any  coordinate  can  arbitrarily 
bo  considered  as  consisting  of  a  direction  finder  end  a  servo  unit. 


ciroction  finder  c  nsists  of  all  the  elements  in  a  radar  set  with  /JU38 
the  -id  of  which  signals  are  received  from  a  target  and  initially  processed 
to  provide  i nformatio:*  about  a  target's  coordinates.  The  basic  elements 
of  a  direct  ion  finder  in  an  active  radar  system  include  the  antenna,  re¬ 
ceiver,  and  transmitter;  those  of  passive  and  semi-active  radar  systems 
include  the  antenna  and  receiver. 


In  radar  systems  for  tracking  targets  in  azimuth  the  antenna  of  the 
direction  finder  oerforms  the  function  of  a  data  unit  for  determining  the 
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t-rpet  rngle  position  relative  to  the  enuisignal  direction.  Depending  on 
the  principle  involved  in  deriving  equisipnal  uirections  end  the  method 
used  for  comparing  signals  received  from  a  target,  direction  finders  of 
Automatic  trackers  in  azimuth  ere  divided  into  -single  and  multiple  channel 
systems. 

In  single  channel  direction  finders  the  eouisignnl  direction  line  is 
formed  using  conical  or  linear  beam  scanning  in  two  mutually  perpendicular 
planes  and  an  antenna  with  a  narrow  radiation  pattern.  The  method  of  com- 
oaring  the  anplitudes  of  signals  received  by  a  single  channel  receiver  is 
used  to  determine  the  annuls**  position  of  a  target  with  respect  to  the 
equisignal  line. 

The  chief  disadvantage  of  single  channel  direction  finders  in  automatic 
systems  of  tracking  for  azimuth  lies  in  the  fact  that  the  method  of  arrpli- 
tude  comparison  is  applied  to  signals  received  at  different  times.  Most 
radar  targets  however,  oroduce  signals  whose  intensity  varies  with  time  — 
they  are  fluctuating  signals.  Acco-dingly,  sn  error  shows  un  in  the  measure¬ 
ment  of  angular  coordin-tes.  This  error  is  continuous  with  time-random 
variations. 

The  effect  of  fluctuations  can  be  decreased  only  by  increasing  the 
inertial  prooerties  of  the  system.  However,  increasing  the  inertial  pro¬ 
perties  of  an  automatic  system  of  tracking  for  azimuth  involves  increasing 
its  dynamic  errors,  i.e.  the  system  becomes  incapable  of  tracking  fast 
traveling  targets  with  a  high  degree  of  accuracy. 

Automatic  systems  of  tracking  for  azimuth  with  multiple  channel  direc¬ 
tion  finders  which  employ  the  method  of  comparing  simultaneously  received 
signals  are  free  of  these  shortcomings.  The  method  of  receving  signals 
from  two  ^oints  in  space  (by  means  of  two  antennas  or  two  independent  di¬ 
poles  with  a  common  reflector)  located  in  the  plane  of  the  coordinate 
be’ng  measured  and  then  amplifying  them  in  independent  receiving  channels 
>s  used  in  these  devices  to  determine  one  angular  coordinate,  With  the 
direction  finder  so  designed  an  equisignal  plane  is  formed  in  space  and 
the  movement  of  a  target  along  a  particular  angular  coordinate  is  deter¬ 
mined  in  relation  to  it. 

To  get  the  second  coordinate  the  direction  finder  should  have  still 
another  point,  of  reception  with  .->n  additional  amplification  channel.  /h39 
>wevrr,  in  practice  a  second  indeosndent  pair  of  points  of  reception 
and  amplifier  circuits  are  most  often  usedj  they  form  an  eouisipnal  plane 
ir  m-ee  t.h*t  is  perpendicular  to  the  equisignal  plane  of  the  first  two 
•:o!ntr.  of  reception.  As  a  result  of  the  intersection  of  the  two  planes 
In  sonce  there  is  formed  an  equisignal  direction  whose  position  is  de¬ 
termined  hv  the  condition  of  the  elements  in  the  direction  finder  receiver 
channels. 


63 


Accuracy  in  determining  direction  to  the  target  in  mult  ir>lo  channel 
direction  finders  is  limited  only  by  noises;  it  is  much  greater  than  that 
of  single  channel  direction  finders. 

The  drawbacks  of  the  automatic  tracking  system  with  multiple  channel 
direction  finders  is: comparatively  rre=t  bulk  of  the  apparatus  and  the  high 
requirements  to  have  the  amplification  channel  characteristic*  identical 
and  stable.  Differences  in  the  amplification  channel  parameters  lead  to 
angular  disolacements  of  the  equisignal  direction  relative  to  the  electrical 
axis  of  the  antenna.  Tracking  the  target  by  angular  coordinates  in  this 
case  will  entail  error. 

Multiple  channel  direction  finders  can  be  used  for  pulsing  or  continuous 
operation.  In  multiple  channel  automatic  systems  of  tracking  for  aaimuth 
both  the  phase  and  amplitude  method  of  comparison  of  received  signals  are 
used.  The  first  method  is  based  on  the  measurement  of  phase  differences, 
while  the  second  is  based  on  the  measurement  of  differences  in  amplitudes 
of  signals  picked  up  in  separate  points  in  soace  when  the  target  is  de¬ 
flected  from  the  equisignal  direction. 

The  servo  mechanism  in  an  automatic  target  tracking  system  includes  all 
the  elements  which  'nsure  automatic  tracking  of  a  target  for  a  specific 
coordinate  in  complete  accordance  with  the  data  output  of  the  direction 
fnder,  In  r^nge  tracking  systems  electronic  servo  devices  are  generally 
u.'jed,  whereas  in  tracking  targets  by  angular  coordinates  electromechanical 
serve  mechanisms  are  employed. 


General  Principles  of  Automatic  Tracking 

The  renoral  operating  principle  in  automatic  tracking  systems,  regard¬ 
less  of  which  coordinate  is  being  determined  and  the  kind  of  servo  mechanism 
used,  consists  in  the  following  (Fig.  VI,  l).  The  controlling  action  Xbx(t) 
containing  information  about  the  actual  rate  of  change  of  a  particular  target 
coordinate  with  respect  to  time  goes  from  the  output  of  the  radar  direction  /hhO 
'  r.der  unit  to  tie  input  of  the  error  signal  meter  of  the  servo  mechanism, 
the  signal  xp.blA  ft)  developed  by  the  servo  mechanism  proceeds  from 
l  he  o't to ut.  of  the  latter  to  the  main  feedback  circuit. 
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P'ock  ciagrem  of  an  automatic  tracking  system 
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These  sign?<ls  '’re  compared  in  the  error  signal  meter  as  a  result  of  which 
an  error  signal  is  oroduced  thr-t  is  enual  to  their  difference 


Aa-  (/)  ~  a-,x  ;/)  —  .v..m  ((). 


(VI.  1) 


After  amolific-tior:  and  the  necess.ry  conversions  the  signal  Ax  (t) 

^cts  or?  the  actuating  element  of  the  system  which  changes  its  position  or 
state  and  thereby  develops  the  cutout  signal  x  (t) 

The  work  of  the  servo  mechanism  is  such  that  the  error  signal  constantly 
strives  toward  zero:  x  (t)  ->  G.  As  a  result,  the  outout  signal  xg,bm  (t) 
of  the  system  continuously  reflects  the  true  magnitude  of  the  coordinate 
being  measured  with  an  accuracy  determined  by  the  quality  of  its  operation. 
Thus,  the  process  of  automatically  tracking  a  target  by  any  coordinate  is 
based  on  the  constant  measurement  of  the  disagreement  or  difference  between 
the  innut  and  the  output  signals  of  the  system  and  reducing  this  error  to  zero. 


2.  Principle  of  Automatic  Tracking  for  Range 
Range  Tracking  in  Pulsed  Radsr  Systems 

Automatic  range  tracking  devices  used  in  pulsing  rada.  systems  may  ar¬ 
bitrarily  be  divided  into  those  whose  operation  is  associated  with  the 
reouirement  to  get  markers  of  the  tracked  target  on  the  screen  of  the 
cathode  ray  tube  of  the  system  and  those  whose  operation  is  not  tied  in 
with  the  need  to  ret  target  markers  on  the  range  indicator.  The  latter,  in 
turn,  are  divided  into  systems  with  a  controlled  delay  circuit  and  systems  /UUl 
with  a  variable  frequency  generator.  I 
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Fig.  VI.  7.  Block  diagram  of  an  automatic  rerge  tracking  system 
with  controlled  delay  circuit. 


The  former  systems,  are  electromechanical  and  the  latter  may  be  either 
electronic  or  electromechanical. 

The  block  diagram  of  the  automatic  target  tracking  system  for  range  with 
a  controlled  delay  circuit  --mi  time-voltage  diagrams  which  explain  the 
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operation  of  the  system  are  given  in  Fipr.  VI.  2  and  VI,  3  /Pt  9/ . 

The  operating  principle  of  the  system  consists  of  the  following.  During 
each  main  pulse  repetition  period  the  pulse  reflected  from  the  tracked 
target  goe°  to  the  time  discriminator  from  the  output  of  the  r*dar  receiver, 
and  a  pair  of  unioolar  range  tracking  pulses  enter  from  the  tracking  pulse 
generator  output.  The  position  of  the  center  of  the  reflected  pulse  during 
the  ri-th  repetition  period  relative  to  the  leading  edge  of  the  synchronizing 
pulse  is  determined  by  the  lag  time  t3  ,  which  is  proportion*!  to  the 
actual  range  rq  of  the  target  during  a  particular  period,  while  the  line 
of  contiguity  of  the  pair  of  range  tracking  pulses  f s  proportional  to  the  /hh2 
lag  time  t'3  .  This  lag  time  is  proportional  to  the  measured  (actual) 
value  cf  the  range  to  the.  target  during  the  n-th  period,  i.e.  t^H  ryj-  . 
During  this  pulse  repetition  period,  if  i3  7*  t*3  an  error  signal  appears 

at  the  output  of  the  time  discriminator  whose  mean  value  and  polarity  cor¬ 
respond  to  the  magnitude  and  sign  of  the  time  difference  At  *t  -t1  i.e. 

At/  —  /Co.  *  A/,  (VI.  2) 


in  which  K is  the  sLope  of  the  operating  portion  of  the  time  discrimina¬ 
tor  characteristic  curve  in  volts/second. 

The  error  signal  voltage  goes  to  the  controlling  device  whore  it  is 
converted  into  the  voltage  Uynp  which  controls  the  operation  of  the  tima 
modulator.  Under  the  influence  of  this  voltage  and  the  synchronizing  pulses 
the  time  modulator  develops  delay  pulses  U3  whose  duration  is  proportional 
to  the  controlling  voltage 


T,  —  KJJ  ynp, 

in  which  is  the  delay  control  slope,  sec/volts. 


(VI.  3) 


The  range  tracking  pulse  generator  is  triggered  by  the  trailing  edge 
of  the  delay  pulse.  In  the  process,  time  interval  t^  ,  which  determines 
the  position  of  the  range  pulses  relative  to  the  synchronizing  pulses,  changes 
in  the  following  repetition  periods  in  such  a  manner  that  the  time  difference 
A  t  decreases,  approaching  a  comparatively  small  value  that  equals  the 
tracking  error. 


Since  a  specific  v-*lue 
ing  nulses  t  v;  oresent.  range 
control  voltage. 


ic  'ivnp  corresponds  to  each  position  of  the  track¬ 
age  to  the  target  can  be  read  from  the  value  of  the 


Automatic  tracking  begins  when  the  tracking  pulses  first  coincide  with 
the  pulsa  reflected  by  ihe  target.  This  coinciding  process,  depending  on 
the  structural  peculiarities  of  the  radar  system,  can  be  accomplished  ’’manual- 
ly"  b<;  the  operator  by  .superposing  the  range  marker  on  the  target,  pip  on 
the  plan  position  indicator.  Or  it  can  be  done  automatically  with  the  aid 
of  the  scanning  circuit  which  periodically  moves  the  tracking  nulae3  along 
the  time  axis  until  the  target  is  locked  on. 


"'h  ii&iM 


.  *!'•  ....  -• 


i 


The  block  diagram  of  an  automatic  ranpe  tracking  system  with  a  controlled 
generator  is  described  in  Fig.  VI.  b 

In  contrast  to  circuits  with  a  controlled  delay  circuit  the  operation 
of  automatic  range  tracking  systems  with  a  tuned  oscillator  is  not  time- 
related  to  the  elements  forming  the  synchronizing  pulses.  Therefore,  the 
magnitude  of  the  controlling  voltage  in  them  is  not  proportional  to  the 
range  of  the  target.  These  automatic  tracking  circuits  find  application 
in  radar  sets  that  are  coupled  to  digital  type  computers  for  processing 
stable  reference  pulses  that  are  time-matched  with  the  echo  signal  from  the 
tracked  target.  Measurement  of  the  range  is  achieved  by  converting  into 
binary  code  the  time  intervale  from  the  instant  the  radio  pulse  is  beamed 
to  the  appearance  of  the  reference  pulse. 

The  circuit  works  as  follows.  When  the  center  of  the  reflected  pulse 
coincided  with  the  limit  of  contiguity  of  the  range  tracking  pulses  the  out¬ 
put  voltage  of  the  discriminator  is  enual  to  zero.  In  this  case  the  oscil¬ 
lator  being  tuned  generates  middle  frequency  oscillations  with  an  initial 
ohase  that  determines  the  instant  for  starting  the  range  pulse  oscillator 
by  triggering  t.he  pulse  formation  circuit.  The  mean  frequency  of  the  oscil¬ 
lations  generated  is  a  multiple  of  the  repetition  frenuency  of  the  trans¬ 
mitted  nulses.  If  a  difference  appears  subseauently  in  the  time  position 
of  the  tracking  pulses  and  the  reflected  signal  a  controlling  voltage  is 
developed  by  the  discriminator  whose  value  is  proportional  to  the  error 
signal;  the  frequency  of  the  tuned  oscillator,  therefore,  departs  from  its 
mean  value.  Changing  the  frequency  of  the  oscillator  results  in  changing 
the  phase  of  the  oscillations  it  generates  and,  consequently,  shifting  the 
range  pulses  in  a  direction  corresponding  to  a  decrease  in  the  initial 
error. 
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Block  diagram  of  an  automatic  range  tracking  system 
with  controlled  oscillator 
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Range  Tracking  in  Frequency  Modulated  Radar  Systems 

Forming  the  basis  of  automatic  range  tracking  systems  used  in  frequency 
modulated  radar  sets  is  the  principle  of  maintaining  continuous  checks  for 
changes  in  the  beat  frequency. 

A  simplified  block  diagram  of  a  frequency  modulated  automatic  range  track¬ 
ing  system  is  shown  in  Fig.  VI.  5  C*J*  The  tracker  consists  of  an  /bhh 
automatically  controlled  electromechanical  system  made  up  of  the  following 
tracking  elements:  the  range  selector,  a  narrow  band  filter  tuned  to  a 
beat  frequency  corresponding  to  the  range  of  the  tracked  target;  the  range 
metering  circuit,  including  a  beat  Dulse  converter  and  integrator;  and  the 
comparator  circuit  and  electric  motor  drive  with  range  processing  poten¬ 
tiometer.  The  automatic  range  tracking  system  also  contains  devices 
which  are  not  directly  involved  in  the  automatic  tracking  process.  They 
make  it  possible  to  conduct  target  scanning  throughout  the  entire  operating 
b-nd  of  the  system  and  change  it  from  scanning  to  target  tracking.  These 
elements  include:  the  scanning  circuit,  the  lock  on  relay  circuit,  and  the 
relay. 

The  target  scan  operation  is  accomplished  by  continuously  retuning  the 
center  frequency  of  the  selector  transmittance  band  with  an  electric  motor 
drive  that  is  fed  in  this  operation  by  the  scanning  circuit.  The  time 
of  retuning  the  selector  filter  frequency  throughout  the  full  operating 
range  of  the  automatic  tracking  system  depends  on  its  bandwidth.  The  nar¬ 
rower  the  transmittance  band  of  the  filter,  the  slower  the  buildup  of  voltage 
at  its  output  and  the  slower  the  scanning  rate. 


:*sn 


M 


t.v.i 


t— 

r — fp- 


L— i 


Vy 


— JL 


1  .  *«• 

-ebl 


:  i‘  1 

h  1 


!  1  > j_ 


1 

•>  i 


jd_ 


Fiv.  VI.  3.  Voltage  curves  of  circuit  shown  in  Fig.  VI.  2. 
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Fig.  VI.  5.  Block  diagram  of  automatic  system  of  tracking  in  range 

for  frequency  modulated  radar 


■'fhen  the  target  appears  at  a  certain  range  within  the  operating  band 
of  the  system  the  selector  filter  becomes  tuned  at  some  moment  in  time  to 
the  beat  frequency  due  to  the  continuous  retuning  of  its  frequency  which 
corresponds  to  the  range  of  the  target.  After  amplification  in  the  range 
selector  these  beats  are  fed  to  the  lock  on  relay  circuit.  The  latter 
triggers  and  disconnects  the  select retuning  electric  motor  from  the  scan¬ 
ning  circuit.  At  this  moment  the  ^cem  changes  over  to  automatic  tracking 
of  target  for  range.  In  this  mode  of  operation  the  beat  pulses  go  from 
the  range  selector  to  the  pulse  converter  input.  The  pulse  converter 
changes  pulses  that  differ  in  shape  and  duration  into  pulses  of  constant 
amplitude  pnd  duration.  This  conversion  of  bent  pulses  into  standard 
pulses  is  necessary  in  order  to  eliminate  the  influence  of  shape,  ampli¬ 
tude,  and  duration  of  beat  pulses  on  the  accuracy  of  range  measurement. 

The  pulse  converter  is  an  oscillator  with  forced  starting  that  develops 
standard  Dulses  with  a  frequency  equal  to  the  beat  frequency. 

The  series  of  pulses  with  constant  amplitude  and  duration  goes  from 
the  converter  output  to  the  integrator  which  separates  out  the  direct 
component}  the  latter  is  proportional  to  the  measured  range  to  the  target. 
The  range  voltage  is  then  compared  with  the  processing  potentiometer  voltage 
opposite  in  sign,  whose  cursor  is  coupled  to  the  selector  retuning  electric 
motor.  If  the  absolute  magnitude  of  the  range  voltage  is  not  equal  to  the 
processing  potentiometer  voltage  an  error  signal  will  anpear  at  the  output 
of  the  comparator  circuit;  it.  will  be  proportional  to  the  difference  between 
these  voltages.  After  amplification  the  error  signal  is  fed  to  the  actua¬ 
ting  electric  motor  which  retunes  the  selector  filter  until  the  range  vol¬ 
tage  and  processed  voltages  are  the  same.  When  these  voltages a ^e  equal  it 
means  that  the  range  selector  is  tuned  to  a  sector  in  which  the  tracked 
target  is  located.  As  the  target  travels  a  continuous  change  in  the  range 
voltage  takes  place,  and  nsequently  the  center  frequency  of  the  selector 
transmittance  band  is  com .  .uously  retuned. 

The  automatic  range  tracking  system  discussed  operates  well  enough  only 
at  comparatively  lev  radial  velocities  of  the  target  at  which  the  Doppler 
frequency  shift  is  confined  to  the  transmittance  band  of  the  selector 
filter.  Exiension  of  the  filter  band  is  limited  by  deterioration  of  its 
interference  killing  features  and  by  a  reduction  in  the  operating  range 
of  the  system. 


3.  Basic  .'Elements  of  Pulsed  Automatic  Range  Tracking  Systems 

Time  Discriminator 

The  time  discriminator  is  an  electronic  device  which  converts  the 
time  difference  between  target  pulses  and  tracking  pulses  into  a  constant 
voltage  whose  increase  during  the  target  pulse  repetition  period  T  n 
corresponds  in  magnitude  and  polarity  to  the  magnitude  and  sign  of  the 
tracking  error  At.  A  variety  of  discriminator  circuits  are  used,  but 
despite  the  differences  in  circuitry  the  operating  principle  in  most  U*6 
of  them  is  the  same  It  consists  in  that  each  pulse  from  8  tracked 
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target  is  divided,  with  the  aid  of  tracking  ->ulses,  into  two  parts.  Portions 
of  reflected  oulses  are  compared  and  the  error  signal  is  developed  from 
differences  in  their  areas  which  are  proportional  to  A  t. 


The  target  pulse  dividing  operation  in  each  repetition  period  Tn  is 
performed  by  two  coincidence  circuits  which  make  up  the  time  selector,  while 
the  operation  of  coaparing  portions  of  ths  reflected  pulse  is  performed  with 
a  differential  diode  or  triode  detector  £  9j, 
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Fig.  VI.  6.  Time  discriminator  eouivaleni  circuit. 


The  simplified  eouivalent  circuit  of  a  time  discriminator  is  shown  in 
Fig.  VT.  f.  The  rati<v  of  volt„ge  increase  A!J  at  the  discriminator  output 
to  the  time  difference  At  is  referred  to  as  the  time  discriminator  character¬ 
istic.  Shown  in  Fig.  VI.  7  is  a  discriminator  curve  for  rectangular  tar~ 
get  pulses  and  adjoining  rectangular  range  tracking  pulses.  The  operating 
part  of  the  curve  is  the  central  linear  portion  limited  by  the  values 
At  »  +  tg/2  and  the  overall  length  $  T„  ■  'T  c.  in  which  Xc  i-s  the  du" 
ration  of  the  target  pulse.  For  this  portion  of  the  curve  the  following  /hhl 
equation  holds  true 


At/  ~  /C„.flA/, 


(VI.  h) 


in  which  /(„.  A  =  ((h\Uldt)i,un  —  is  the  transfer  coefficient  or  slope 

of  the  time  discriminator  curve,  volts/second. 
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Fig,  VI.  7,  Idoal’zed  time  discriminator  curve. 
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Curve  areas  along  the  sector  A7'„  -  tm,  lying  outside  the  limits  of 

the  operating  section  ere  known  as  unstable  tracking  areas.  In  these  zones 
the  signal  from  the  target  is  partially  covered  by  only  one  tracking  pulse, 
and  with  an  incresse  in  the  time  difference  the  error  signal  voltage  decreases? 
this  may  result  in  the  stoppage  of  the  automatic  target  tracking  process. 
Stoppage  of  tracking  will  not  occur  if  the  error  signal  voltage  at  a 
particular  initial  difference  is  sufficient  to  move  the  tracking  pulses 
at  the  rate  of  travel  of  the  target  pul  •  s 

The  entire  area  of  the  time  discriminator  curve  designated  6 Tfl  deter¬ 
mines  the  minimal  interval  between  nulses  reflected  from  two  targets  in 
which  only  the  pulse  from  one  of  them  will  coincide  with  the  tracking  pulses. 
Therefore,  this  region  is  termed  the  time  discriminator  zone  of  sensitivity. 
The  length  of  the  sensitivity  gone  depends  on  the  duration  of  the  reflected 
and  tracking  pulses. 


For  idealized  reflected  and  contiguous  tracking  pulses 

67*.  =  6TP  -f-  257',,  2tcn  -f  rc, 


(VI.  $) 


and  if  there  is  an  interval  t ..  between  the  tracking  pulses 


A  TV  «  2tc.,  rc  -t 


(VI.  6) 


The  interval  between  tracking  pulses  t  Xc  *s  generated  to  increase 
the  slope  of  the  discriminator  curve.  '  w 

The  range  resolution  of  a  radar  set  with  an  automatic  range  tracking 
system,  in  contrast  to  sets  with  a  manual  tracking  system,  is  determined 
not  by  the  duration  of  the  main  pulses  Tc  but  by  the  extent  of  the  dis¬ 
criminator  aperture  A  TW^X^  •  Therefore,  to  increase  the  range  resolu¬ 
tion  in  such  sets  an  attempt  is  made  to  decrease  the  duration  of  both 
the  main  and  tracking  pulses. 

In  any  case,  the  time  discriminator,  as  an  element  of  the  automatic 
control  system,  is  an  aperiodic  element  with  the  transfer  function /~8_7 


^>”TT5ife- 


(VI.  7) 


In  expression  (VI.  7)  the  time  constant  T  is  a  function  of  both 
the  charging  circuit  time  constant  and  the  discharge  time  constant  of  the 
differential  detector  condenser  / 


Reproduced  from 
best  available  copy. 
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(VI.  8) 


in  which  T3jp  ir  -the  charg’. ng  circuit  time  constant  of  condenser  Cj 
Tp<B  *  ’RC  is  the  time  constant  of  the  condenser  discharge  circuit 
through  the  load  resistor  R.  If  TXll,  rc.  7’,.,,,  >  T„„  and  constancy 
of  charging  and  discharging  currents  is  insured,  then  regardless  of  the 
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magnitude  of  the  voltage -at  the  cutout  or  the  gating  circuit  of  the  differ¬ 
ential  detector,  the  dynamic  characteristics  of  ihe  time  discriminator 
are  very  close  to  the  integrating  member 


(VI.  9) 


in  which 


The  transfer  coefficient  of  the  time  discriminator  and,  therefore,  the 
dynamic  properties  of  the  whole  automatic  target  tracking  system  depend 
substantially  on  the  anplitude  of  the  target  oulse.  Automatic  gain  con¬ 
trol  and  amplitude  limitation  of  target  signals  are  utilized' in  receivers 
of  radar  sets  with  automatic  systems  of  tracking  in  range  to  keep  the- dis¬ 
criminator  transfer  coefficient  constant. 


Controlling  Device 


In  each  repetition  period  of  reflected  pulses  the  controlling  device 
forms  a  signal  which  changes  the  amount  of  delay  of  the  tracking  pulses  t* 
Because  the  information  about  the  present  range  of  the  target  arrives  in 
discrete  form  the  time  position  of  tracking  pulses  should  be  preserved 
during  the  time  interval  from  the  end  of  the  reflected  oulse  to  its 
beginning  in  the  next  repetition  period,  therefore,  integrating  circuits 
are  used  as  controlling  devices  in  automatic  pulsed  systems  of  tracking  in 
range. 


The  simplest  intepr-tor  used  in  automatic  rv'nge  tracking  systems  is 
the  condenser,  a  component  element  in  the  time  discriminator.  The  dis¬ 
criminator  condenser  is  used  as  an  integrating  element  in  a  circuit  when 
the  input  resistance  of  the  following  stage  is  of  sufficient  magnitude 


;k  Tpai)- 


A  second  type  of  controlling  device  is  the  integrating  (operational) 
amplifier  with  capacitive,  negative  feedback.  An  equivalent  circuit  of 
such  an  amplifier  is  shown  in  Fig.  VI.  8. 


From  the  standpoint  of  dynamic  oualities  this  kind  of  amplifier  repre¬ 


sents  an  soeriodic  element  with  a  transfer  function  of 


u_amj3i 


^a<P)  =  7 


(A  +  i}rg  +  i 


p  +  (K-H)r 


(vi.  10) 


in  which  K  is  the  amplifier  gain  without  feedback;  k-  ■  l/T  is  the 
transfer  coefficient  of  the  integrating  amplifier;  and  T  «  RC. 
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Fig.  VI.  8.  Equivalent-  circuit  of  an  integrating  amplifier 

•/ith  sufficiently  large  values  of  K  and  assuming  that  the  transient 
orocesses  in  the  automatic  range  tracking  system  terminate  within  a  time 
interval  considerably  less  than  the  time  constant  T  this  amplifier  can 
be  regarded  as  an  integrating  member 

=  (vi.  11) 

The  chief  merit  of  integrating  amplifiers  consists  in  that  the  negative 
effect  of  the  amplifier  on  the  operation  of  the  discriminator,  especially 
a  discriminator  with  differential  detector  on  diodes,  is  K  times  less 
than  that  of  the  integrating  capacitance. 


Fip.  VI,  9.  Block  diagram  of  an  electromechanical  integrator. 


Apart  from  electronic  integrators  automatic  range  tracking  systems  make 
use  of  elect r  mechanical  integrators,  mainly  when  in  order  to  control 
the  time  position  of  tracking  pulses  a  mechanical  rather  than  an  electrical 
signal  is  renuired.  This  signal  consists  in  a  change  in  the  shaft  angle 
with  a  value  that  would  be  proportional  to  the  integral  from  the  vcltege 
taken  from  the  discriminator  output.  By  way  of  example,  electromechenical 
integrators  are  used  in  phase  meter  automatic  tracking  systems. 


A  block  diagram  of  the  most  coiranonly  used  electromechanical  integrator 
is  shown  in  Fig.  VI.  9.  The  integrating  element  of  the  circuit  is  an 
alternating  or  direct  current  motor.  The  angular  velocity  of  the  motor 
is  proportional  to  the  voltage  applied  to  its  armature  (in  a  direct  current 
notor)  or  to  the  control  winding  (in  an  asynchronous,  two-phase  motor), 
and  the  turn  angle  of  the  axis  A  \jj  is  proportional  to  the  integral  from 
the  input  voltage.  The  feedback  circuit  assembled  on  a  tachometer  genera¬ 
tor  of  aporopriate  current  differentiates  the  output  signal,  the  resulting 
voltage  corap.-'red  to  the  input  voltage,  and  their  difference  triggers  /lij>0 
the  electric  motor.  The  processes  continue  until  the  output  signal  is 
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exactly  proportional  to  the  integral  from  the  input  signal  and  their  difference 
becomes  zero. 

As  an  element  of  a  closed  circuit  in  automatic  control  this  integrating 
drive  is  described  by  the  trausfer  function 


n.  t  * _  _  KyU'-i.  (/>) _  _ 
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(VI.  12) 


in  which  v/jb  (p)  is  the  transfer  function  of  the  electric  motor,  W^B  (p)  ** 
Wyr  ^  a  ^rr  (p)  is  the  transfer  function  or  the  tachometer 
generator;  TflB  is  the  electromechanical  time  constant  of  the  motor;  IU, 

,  and  KTr  respectively,  are  the  transfer  coefficients  of  the  ampli¬ 
fier  ,  electric  motor,  and  the  tachometer  generator. 

Electromechanical  integrators  are  very  precise,  but  have  inertial  duali¬ 
ties,  For  that  reason  they  are  not  suited  for  use  in  quick  response  auto¬ 
matic  range  tracking  systems.  Other  drawbacks  of  this  kind  of  integrator 
include  their  bulkiness  and  a  cost  factor  that  is  substantially  greater 
than  that  of  electronic  integrators. 


Time  Modulators 

Automatic  range  target  tracking  systems  use  as  time  modulators  electronic 
circuits  and  devices  which  can  generate  either  pulses  of  constant  amplitude 
and  variable  duration  or  pulses  with  constant  snplitude  and  duration  but 
delayed,  with  respect  to  the  synchronizing  pulses,  for  a  period  determined 
by  the  magnitude  of  the  controlling  effect. 

Time  modulators  may  be  based  on  the  voltage  comparison  method  or  on  the 
chase  metering  method.  Modulators  of  the  first  group  are  more  simple, 
while  those  of  the  second  group  offer  a  higher  degree  of  accuracy.  Modula¬ 
tors  of  the  first  type  utilize  phentastrons,  sanatrons,  and  other  similar 
linearly  charged  and  discharged  condenser  circuits  operating  together 
with  comparator  circuits. 

Time  modulators  in  which  the  phase  metering  method  is  used  consist  of 
a  capacitive  phase  inverter  and  the  pulse  shpping  circuit.  The  block  /U5l 
diagram,  which  reoresents  the  operating  basis  of  such  modulators,  with  the 
voltage  oscillograms  rertaining  to  them,  ere  shown  in  Figs.  VI,  10  and  11. 

J’he  time  delay  T3  of  pulses  controlling  the  operation  of  the  tracking 
pulse  generator  is  accomplished  by  means  of  a  capacitive  phase  inverter 
•  r.  which  the  phase  shift  of  the  output  signal  is  proportional  to  rotor  turn 
anele  A  ip , 

The  delay  time  is  determined  from  the  enuation 

(VI.  13) 
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in  which  <(  ir:  the  nhn.ee  shift  of  pharn  inverter  oscillations;  Tn  is 
i  iie  of  sinusoidal  osci nations  from  i hr-  ron*- rotor  thnt  synchronises 

the  operation  of  the  ra<  nr  unit. 
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Fig.  VI.  10.  31ock  diagram  of  a  phase  metering  time  modulator. 
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During  each  repetition  period  T_  of  main  pulses  the  Dhase  inverter  shaft 
is  caused  to  turn  through  the  angle  A  by  the  actuating  electric  motor 
in  the  electromechanical  integrator.  If  the  angle  of  turn  of  the  phase 
inverter  shaft  A  \j>  be  regarded  as  the  input  signal  and  .the  delay  time 
as  the  inout  value,  the  phase  meter  time  modulator  can  be  considered,  from 
the  standpoint  of  the  dynamics  of  control,  as  a  non-inertial  element  with 
a  transfer  coefficient  of  A’-,. ,,  =* 


Fir.  VI.  n.  Volta re  curves  of  circuits  shown  in  Fig.  VI.  10. 


fhe  time  modulator  of  the  freouency  being  subjected  to  change  (cf  Fig. 
consists  of  the  controlled  generator  of  harmonic  oscillations  and  the  trig¬ 
rering  pulse  shaping  circuit  of  the  tracking  pulse  unit.  For  a  controlled 
generator  any  freouency- tunable  generator  circuit  can  be  used  which  insures 
a  proportional  relationship  between  the  gain  in  frequency  and  changes  in 
the  controlling  voltare 


vi-!0 


W)  =  Karnud), 


(vi.  HO 


in  which  K  n  is  the  frequency  retuning  factor;  F)(  =  l/1*i(  ;  u  (t)  is 
the  control! Lng  voltage. 

As  an  element  of  the  closed  automatic  control  circuit,  the  controlled 
oscillator  is  an  ideal  intonating  unit  with  a  transfer  coefficient  of 


In  automatic  range  tracking  systems  with  a  controlled  oscillator  ordinary 
pulsing  circuits  capable  of  converting  harmonic  oscillations  into  signals 
are  used  as  starter  -oulse  shaping  circuits.  Their  time  of  appearance  in 
each  repetition  period  T p  is  strictly  related  to  a  particular  phase  of 
such  oscillations.  The  elemental  structure  of  the  circuit  depends  on  both 
the  changing  frenuency  oscillator  layout  and  the  device  which  develops  the 
trackinp  'ulses.  In  the  simolest  case  the  triggering  pulse  shaping  circuit 
rill  consist  of  a  series  connected  limiter  of  sinusoidal  oscillations  and 
a  dif ferenti ating  element. 


Tracking  Pulse  Generators 

Circuits  which  produce  tracking  pulses  are  generators  which  can  produce 
twc  pulses  of  similar  amplitude  and  duration,  paired  or  separated  by  a  time 
interval.  Ordinarily,  these  nulses  are  formed  by  a  blocking  oscillator 
with  a  section  of  artificially  long  line  or  with  the  aid  of  two  delayed 
blocking  oscillators;  other  similar  types  of  pulsing  devices  may  be  used. 


it.  Dynamic  Properties  and  Operating  Characteristics 
of  Pulsed  Automatic  Range  Tracking  Systems 

The  operating  quality  of  an  automatic  range  tracking  system  is  determined 
oy  the  stability  of  the  system,  its  transient  characteristics,  the  amount 
of  steatfv  state  error,  and  its  inherent  fluctuating  or  random  errors. 

These  charaoteri s+ics,  and  esneci.=ily  accuracy  in  the  measurement  of  distances 
to  object  ’n  the  steady  state,  deoend  on  the  number  of  elements  in  the 
system  capable  of  accumulating  energy  (integrators) .  The  number  of  / 

'  ntf-rr'd  ir.g  elements  used  determines  the  order  of  astaticism  of  the  system: 
cvsf.rms  with  one  integrator  are  first  order  astatic  systems,  those  with  two 
are  second  order  astatic  systems,  etc.  The  higher  the  astatic  order  of  the 
rvs tern  the  more  accurately  and  precisely  the  objects  are  tracked  in  the 
steady  operating  state,  the  shorter  the  tracking  pulses  can  be,  and,  con- 
seouemly,  t.he  higher  will  be  the  range  resolution  of  the  system.  However, 
automatic  range  tracking  systems become  more  complex  and  sluggish  with  a 
larger  number  of  integrating  elements  within  them.  Most  commonly  used  in 
practice,  therefore,  are  oulsed  automatic  range  tracking  systems  with  one 
or  two  integrators. 


tauaMKaovtoAm*,  ****** 


Therefore,  in  the  majority  of  cases  when  investigati ng  oulsed  tracking 
systems  they  are  replaced  by  equivalent  continuous  operating  systems  and 
their  characteristics  are  evaluated  by  a  sophisticated  automatic  control 
apparatus  based  on  the  linear  theory.  Any  pulsed  tracking  system  can  be 
represented  with  an  adeouate  degree  of  accuracy,  for  all  practical  purposes, 
by  an  equivalent  continuously  operating  system  and,  therefore,  described 
bv  a  linear  or  linearized  differential  equation  cf  an  a-nropritate  order 
in  those  instances  where  the  time  for  establishing  transient  processes 
in  the  system  is  several  times  greater  than  its  time  constant  /” 12__/. 


Automatic  Range  fracking  Systems  With  One  Integrator 


Block  diagrams  of  continuous  action  tracking  systems  with  one  integrator 
[~  1,  8  7  and  equivalent  automatic  'ulsed  tracking  systems  are  described 

in  Fig.  VT.  12. 


The  motion  in  a  system  with  an  integrating  time  discriminator  (Fig  VI-l?a) 
is  described  by  a  linear,  first  order  differential  equation  with  a  con¬ 
stant  coefficient 


it 


+  Kji  —  KJi, 


(vi. 15) 


in  which  Xv  =  Ky  is  the  speed  conversion  factor  of  the  system,  l/sec; 
U  ’ s  the  coefficient  characterizing  the  rate  of  chanpe  of  the  voltage 
on  the  integrating  condenser  of  the  time  discriminator  with  an  error  per 
microsecond,  volts/(microsecs*sec);  -<y  is  the  transfer  coefficient  of  the 
elements  controlling  the  time  delay  of’  tracking  pulses. 

The  transient,  characteristic  in  the  system  is 
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r nc  t’v:  error  signal  chan  es  in  accordance  with 
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in  which  t  jo  ,  A  tD  are  respectively  the  input  effect  and  the  error 
;• ; gn-  !  correspond'- ng  to  the  initial  moment  of  time;  K  «  Kv  To  is  the 
dimensionless  transfer  coefficient  of  the  system;  n  **  0,  1,  2.... 


Tqi?  type  of  automatic  tracking  system  is  stable  if  0  <  K  <  2.  When 
()<  X  <1  an  aperi.  iic  transient  process  obtains,  and  when  1<  K  <2 
=  damning,  nscill atory,  transient  process  prevails.  ’.,rhen  K  ®  1  the 
o**ror  is  eliminated  in  ^no  main  nulse  repetition  period  of  main  pulres. 
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(VI.  19) 


The  transfer  function  of  the  closed  system  is 

in  which  T ACfl«  l/Kv  is  the  time  constant  of  the  system. 


Fi<7.  VI.  12.  Block  diagram  of  automatic  tracking  in  range  yv  vter  with 
one  integrator:  a  -  with  integrating  time  discriminator;  b  -  vOn  aperio¬ 
dic  time  discriminator. 


The  basic  characterstics  of  an  automatic  range  -racking  system  with  an 
aoeriodic  time  discriminator  (Fig.  VI.  12b)  are  deti  mined  by  the  transfer 
functions  of  an  open  and  closed  systems 
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in  which  Kv  =  K AK„Kr\  TACPt  —  ]'  ;  S  -  ' 


The  steady  state  of  the  automatic  range  tracking  system  under  consideration 
depends  on  the  value  of  the  parameter  C,  •  When  £  >  1  an.  aperiodic 
damning  transient  process  obtains,  and  when  £  <.1  a  damping  oscillatory 
transient  process  occurs.  The  transient  characteristics  of  the  system  for 
different  values  of  parameter  C  are  shown  in  Fig,  VT.  13  /~157. 


in  both  the  first  and  second  systems  the  static  error  o)fcT  '  0  is 
abs  nt  (the  systems  measure  the  range  r  to  the  stationary  objects  accurate¬ 
ly)  hu+  there  is  a  sneed  error  of  .  In  the  constant  target  velocity 

•~o do  this  error  is  equal  to 


(Vl.22) 


(VI.  22) 


In  enntrast  to  automatic  range  tracking  systems  with  integrating  dis¬ 
criminators  the  second  system  hss  a  speed  "memory"  that  decreases  with 
time.  'hen  the  target  oulses  disappear,  the  tracking  pulses  do  not  stop 
hut  continue  to  move  exnonentially  in  the  previous  direction  for  a  period 
of  timo  ipomyximately  c-oml  to  T  ,  The  process  of  changing  the  delay 
time  o°  tracking  pulses  here  is  described  by  the  equation 


(VI.  23) 


in  which  t'3Q  and  dt'^o  /  dt  are  respectively  the  tracking  pulse  delay 
time  and  the  established  speed  of  motion  at.  the  instant  the  pulses  reflected 
from  the  target  disappear. 


'  it:.  VI.  13.  transient  characteristics  of  a’'+omatic  range  tracking 
stems  with  one  integrator. 


Automatic  Range  Tracking  Systems  With  Two  Integrators 

'Wto-'atic  tracking  systems  with  two  integrators  are  second  order  astatism 
controlling  systems.  Therefore,  in  the  steady  state  with  dr/dt  *  const 
t-e  sreed  cvn-mic  error  o  rck  is  absent  and  there  is  no  break  in  the  track¬ 
ing  of  Ahe  target  with  a  temporary  disapoearance  of  target  echoes.  In  ad¬ 
dition,  unlike  systems  with  a  single  integrating  element,  these  systems  are 
capable  of  uninterrupted  automatic  tracking  of  a  target  not  only  in  range 
but  sceed  as  "ell.  The  signal  proportional  to  range  is  taken  from  the  /  U56 
output  of  the  second  integrator,  while  that  proportional  to  the  radial 
velocity  of  the  target  is  taken  from  the  output  of  the  first  integrator. 

Automatic  range  tracking  systems  with  two  series-connected  integrators 
'■re  structurally  unstable.  Therefore,  in  addition  to  the  basic  elements 
they  have  supplemental  elements  which  stabilize  the  operation.  Ordinarily, 
stabilisation  is  achieved  by  the  use  of  a  boosting  element  in  the  loop  which 
imparts  the  necessarv  dvnamic  characteristics  to  it.  The  circuits  used  in 
these  correcting  filters  are  shown  in  Fig.  VI.  la. 


4  c,  s)  c 


Fig.  VT.  lit.  Circuits  of  correcting  elements 
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The  first-  element  (Fig  VI  lUa )  has  a  transfer  function  of 


^ki (p)  —  Kt  (1  —  7kP),  fVI.  2I4) 

in  which  Kk  »  l/R^j 

while  the  seconi  has  a  transfer  function  of 

=  («.  25) 

in  which  o  =  ^/(R^  +  *  ^1^* 


The  element  with  the  transfer  function  >.K-_(p)  is  mainly  used  in  auto¬ 
matic  range  tracking  systems  with  an  aoeriodie  time  discriminator,  and  those 
with  a  transfer  function  of  (p)  are  used  in  systems  with  integrating 
time  discriminators. 


Block  diagrams  of  automatic  range  tracking  systems  with  the  correcting 
elements  mentioned  are  given  in  Figs.  VI.  l£a  and  l^b. 

Sometimes,  another  method  of  correcting  the  tuning  error  is  used  to 
provide  stabilization.  It  consists  in  that  the  controlling  action  is  made 
up  of  two  signals,  one  of  which  is  proportional  to  a  single  integral  and 
the  oth'r  to  the  double  integral  of  the  magnitude  of  error'  signal  At 
(Fig.  71.  !«&). 


In  automatic  ran re  tracking  systems  with  two  operating  integrating  am¬ 
plifiers  in  order  to  produce  a  controlling  action  made  up  of  voltages  enu&l 
to  single  »nd  double  signal  error  integrals  it  is  not  essential  to  use  an 
additional  amolifier  and  a  totalizing  stage  as  shown  in  the  block  diagram 
of  Fig.  VT,  T?b.  This  method  of  stabilization  can  be  most  simnly  achieved 
by  coupling  in  the  correcting  resistance  in  the  feedback  circuit  of  the 
first  integrating  amolifier.  '  /  U5? 

The  characteristics  of  the  automatic  range  tracking  system  shown  in  Fig. 

'n .  - -o  governed  bv  1  he  "ol lowing  transfer  functions: 
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1  '■  nvrt.em  is  stable  only  if  _>  T0(^  .  The  nrturc  of  the  transient 
or. ..v.j  de^  rained  bv  the  parameters  of  the  system  Tg^  and  K3. 

'h'm  .  j  K  -j  <0.2,  -  satisfactory  transient  state  nrevails. 


•he  ;  r  answer  function  of  the  systems  described  in  Fig  VI.  lob  are  /2i58 
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!  r«  •'!  15.  Block  diagrams  of  an  automatic  range  tracking  system  with 
1  r*‘ ^orators:  ~,b  —  rutom-tic  range  tracking  systems  with  boosting 

<  laments;  c  —  ant  'mr-tic  range  tracking  system  circuits  with  corrections 
fir  error  signals* 


This  svs*om  is 
:m:c  !  Iif>  r.'.a»'ility 


sta!]n  when  K3  oKy  or  when  q  <1. 

reserve  decreases  as  q  approaches  unity. 


In  such 


«•  oV'reclerist/i 
re  described  by  the 


c:  )r  a  system  wit.h  correction  for  error 
following  transfer  functions: 


(Fig  VI  15b) 
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ft  stable  condition  in  the  system  is  determined  by  the  inequality 
Kyk  >  K Mj  ;  it  is  insured  through  the  aopropriate  selection  of  an 

amplification  factor  for  one  of  the  branches  of  the  totalizing  device. 

In  systems  with  corrections  for  error  which  use  as  their  first  integrator 
^n  operating  amplifier  with  capacitive-rheostat  feedback,  conditions  for 
stability  are  exoressed  by  the  inenuality 
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in  which  is  the  amplifier  resistance  in  the  feedback  circuit;  Ra  is 
the  resistance  inserted  between  the  discriminator  outout  and  the  in"ut  of 
the  operational  amplifier. 

In  an  automatic  range  tracking  system  with  two  integrators  errors  in 
range  measurement  will  appear  only  if  the  target  is  in  accelerated  motion. 
The  acceleration  error  is  expressed  in  the  formula 


(VI.  33) 


in  which  a  is  the  acceleration  ol  the  target. 


3.  Errors  in  Automatic  Range  Tracking  Systems  Caused  by  Input 
"oise  and  Instability  of  Time  lelay  Devices 

Automatic  tracking  system  errors  due  to  the  effects  of  noise  and  various 
ins+ahi1i+* as  in  time  delay  devices  are  of  a  random  nature.  The  magnitude 
of  these  errors  is  estimated  as  a  mean  square  value. 


■'V  rp^n  snuare  error  due  to  input  noise  is  equal  to 

rV  4-  f  &.>)!  <*>'(/«)  !*<*«. 
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•he  frr'r  due  *0  instability  of  operation  of  the  time  delay  circuit  is 


Or -  -3  -j  -  j  S,u-  < f-)}  |  <I>*  (/(.))  I*  aw, 


(VI.  3?) 


in  wmcn  c  is  the  soeed  of  propagation  of  electromagnetic  energy;  S6^  (0  ) 
i::  *  h-  niirctr»l  density  of  the  interference  voltage  at  the  output  of  the 
time  di scrimina+orl  (Note:  1.  ^-he  expression  for  S£,£  (co),  provided  that 
the  ti.me  error  signal  does  not  extend  beyond  the  limits  of  the  linear 
portion  of  the  time  discriminator  curve  and  the  target  pulses  are  not  limited 
in  -r/.r. t  loe,  will  be  found  i.n  reference  J  S^c  (a>  )  is  the  spectral 
'  ft’ error  r'^wial  ‘.t.j«c  due  to  the  unstable  operation  of  the  time  delay 

r.  */,-.)  is  the  frequency  charactersitic  of  a  closed 
U>  (in)  ■  r--4;~- 
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Frequency  Characteristics  of  Automatic 
Tracking  Systems  in  Range 


system  error  signal  due  to  noise;  (I>"  O'  <•>)  -  ~  is  the  frequency 

characteristic  of  a  closed  svstem  for  the  error  AW;  is  the 

frequency  characterist  ic  of  an  open  system;  W‘  (jto)  is  the  frequency 
characteristic  of  an  open  system  without  time  discriminator. 

Sxoressions  for  freouency  characteristics  (j/(  jco)  ~nd  <j>  ( J  03 )  of  auto¬ 
matic  range  tracking  systems  are  given  in  table  VI.  l . 

The  mean  square  range  tracking  error  due  to  ir.put  noise  deoends  on  the 
■^assband  (width  of  frequency  characteristic)  of  the  automatic  range  tracking 
system.  This  error  decreases  as  the  system  passband  decreases.  However, 
it  should  be  borne  in  m'nd  that  as  the  band  is  decreased  there  is  a  restriction 
in  the  frequency  spectrum  of  useful  input  si'rnal  passed  by  the  system,  and, 
therefore,  there  is  an  increase  in  the  dynamic  tracking  error.  For  that 
reason  the  oassband  of  automatic  range  tracking  systems  is  selected  on  the 
basis  of  compromising  considerations. 


'’oer-‘ >ng  Principles  of  Automatic  Systems  of  Tracking  for  Azimuth 
With  Systematic  Coup  arisen  of  Signals 

General  Information 

Automatic  systems  for  tracking  in  azimuth  with  successive  comparison 
of  signals  arc  continuous  operating  tracking  systems  with  a  single  channel 
for  th'  reception  of  target  signals.  Here,  formation  of  the  error  signal 
which  automatically  causes  the  axis  of  the  antenna  system  to  coincide  with 
the  line  of  sight  to  the  target  is  achieved  by  compa^ng  the  amplitudes  or 
the  phases  of  the  echoes  received.  Amplitude  methods  for  comparing  signals 
are  most  commonly  used  in  shipbome  radar  sets  with  automatic  systems  of 
tracking  for  azimuth;  only  one  antenna  is  required.  Phase  comparison  methods 
require  the  use  of  two  antennas  separately  spaced  in  the  plane  of  the 
coordinate  measured,  and  four  antennas  are  needed  when  tracking  a  target  in 
two  planes  —  a2imuth  and  elevation. 

Depending  on  the  method  used  in  forming  the  equisignal  zone,  amplitude 
systems  of  azimuth  tracking  a~e  divided  into  conical  and  linear  antenna  beam 
scanning  systems.  The  latter,  in  turn,  are  subdivided  into  s.  -ems  with 
scanning  in  one  plane  and  systems  with  scanning  in  two  mutually  f erpendicular 
clones.  Automatic  systems  of  tracking  for  azimuth  with  conical  and  linear 
scanning  of  the  radiation  pattern  in  two  planes  are  used  when  it  is  necessary 
to  ‘nsore  simultaneous  tr- ekin'  of  the  target  by  two  angular  coordinates. 

Conical  scanning  of  a  radio  beam  is  accomplished  either  by  rotating  the 
exc>f'r,  which  is  located  a  certain  distance  away  from  the  focus  of  the 
parabolic  reflector,  or  bv  rotating  the  reflector  about  the  axis  which  is 
not  aligned  with  the  direction  of  maximum  radiation  of  the  major  lobe  of 
the  antenna's  radiation  pattern.  Linear  scanning  of  an  antenna  radiation 
pattern  in  the  plane  of  the  tracked  coordinate  is  achieved  by  successively 
switching  into  the  radar  receiving  and  transmitting  circuits  two  fixed 

«7 


. 


exciters  disposed  symmetrically  with  respect  to  the  focal  axis  of  the 
reflector.  The  successive  coranutation  of  exciters  is  accomplished  mechani¬ 
cally  or  with  a  ferrite  circulator. 

Tn  both  conical  and  linear  scanning  the  direction  of  maximum  radiation 
or  receptir-  is  shifted  relative  to  the  equisignsl  line  by  a  certain  angle 
•y  ,  the  magnitude  of  which  substantially  affects  precision  of  tracking 
and  the  effective  range  of  the  system.  The  optimal  value  of  angle  'Y  is 
equal  to  ^ 

Yonr  ^  0,4ft,,  fxjr 


ava'mp|p  - — ^  v»*.  7v 

in  which  is  the  aperture  angle  of  the  major  lobe  of  the  radiation 
pattern  through  the  half  power  points. 

The  value  of  VonT  which  is  determined  by  means  of  formula  (VI,  36) 
is  not  critical.  Decreasing  makes  it  possible,  at  some  sacrifice  of 
accuracy  in  the  equisignsl  method,  to  extend  the  operating  range  and 
improve  the  resolution  of  the  system  for  a  particular  coordinate}  conversely, 
increasing  'Y  results  in  greater  accuracy  with  a  reduction  in  range  and 
lowered  resolving  power.  In  practical  work,  therefore,  depending  on  the 
specific  requirements  imposed  on  a  system  relative  to  accuracy  in  direction 
finding  and  range  of  action,  angle  Y  is  so  selected  that  the  power  of  the 
signal  received,  without  error  voltage,  be  no  less  than  0.8  -  0.6£  snd 
rarely  0.£  of  +he  maximum  value. 


In  the  case  where  the  antenna  is  set  for  receiving  only 

*  VoriT  ^  D,6pu- 


m.  37) 


Automatic  Systems  of  Tracking  for  Azimuth 
'••/ith  Conical  Scanning 

The  basic  layout  of  automatic  systems  for  tracking  in  azimuth  with  conical 
scanning  of  the  antenna  beam  is  described  in  the  block  diagram  shown  in 
Fim  Vi.  16;  such  systems  vary  ss  to  purpose  and  area  of  installation. 

Fi'-ure  VI  17  shows  the  cu-ves  of  signals  at  the  most  characteristic  points. 

. he  diaercms  are  offered  for  those  instances  where  the  target  deflects  awav 
from  *  he  equi signal  axis  (0xn  3  )  by  a  certai  l  soatial  angle  0  <  V. 

no  s’/: 'em  operates  as  follows.  The  scannning  motor  causes  the  axis  of 
t'o  r-.-'-’io  beam  to  describe  a  conical  surface  in  space  at  a  frequency  of -D- . 

:’i  Lr  same  f'iectric  motor  turns  a  'two  phase  generator  rotor  synchronously 

with  the  antenna  radiation  pattern.  The  generator  develops  the  azimuthal  reference 

voltage  u/.(|£)=  ''on  sin  lit  and  the  elevation  reference  voltage 

ti,..-,  =  %r,  cos-1 1,  These  voltages  are  fed  without  conversion  or  after 

conversion  into  squ-re  waves  :nto  anpropriate  phase  detectors. 


If  the  antenna  axis  (equisignal  line)  does  not  coincide  with  the  line 
o?'  sight  to  *he  target,  i.e.  if  there  is  a  misalignment  error  0  , 
a  periodic  succession  of  pulses  uno  is  taken  off  the  receiver  output j 
these  are  amplitude  modulated  with  an  envelope  determined  by  the  expression 

"nr  =  i'nr « 1 1  I-"1  cos (-1  -r %)1 . 

in  which  V  ri  ;>o  is  the  amplitude  of  the  signal  received  when  8  ■  0; 
m  is  the  deoth  of  amplitude  modulation  of  radio  pulses  at  the  input  of 
the  receiver; <54is  the  circular  frequency  of  rotation  of  the  antenna  beam; 
IjLis  t-ie  angular  coordinate  of  the  target  in  a  plane  perpendicular  to  the 
antenna  axis,  and,  accordingly,  it  is  the  initial  phase  of  the  envelope 
(measuring  from  the  vertical  half  plane). 

When  the  misalignment  error  of  0  (tracking  cycle)  the  depth  of 
amplitude  modulation  is  eoual  to 

m  *  /LB 

in  which  fX  is  the  slope  of  the  direction  finder  curve. 

When  9  >  V  (operating  cycle  during  which  the  equipment  locks  on  the 
target  for  automatic  tracking)  modulation  becomes  non-sinusoidal  and  the 
second  harmonic  is  the  most  intensive  of  the  higher  harmonics. 

The  periodic  sequence  of  pulses  unp  proceeds  to  the  error  signal  meter* 
To  separate  out  the  error  signal  of  frequency  5c  i.e.  the  voltage 
uco  *  Uco  cos  (Sit  +1}?^)  use  is  msde  in  the  metering  devices  or  peak 
detectors  with  a  time  constant  for  the  discharge  circuit  of  Tp<^T  and 
resonance  filters  tuned  to  the  basic  harmonic  of  the  amplitude-modulated 
pulse  envelope. 


F-,.-'.  "1 .  17.  Component  errors  of  8  in  a  plane  oerpendicular  to  the 
-x.'-  or  tho  antenna  (a)  and  voltage  curves  of  the  circuit  shown  in 
Fir.  V-  1Ab. 
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Fig.  VI.  16.  Block  diagram  of  system  for  automatic  tracking  of 
target  in  azimuth  with  conical  scanning. 

Kvf:  l.  Reference  voltage  generator;  2,  scanning  motor;  3.  drive  motors; 
h.  power  amplifier;  5.  amplifier;  6.  phase  detector;  7.  power  amplifier; 
F.  amplifier;  9.  phase  detector;  10.  amplitude  detector;  11,  video  ampli¬ 
fier;  12.  signal  error  envelops  detector;  13.  error  signal  amplifier; 
l.t.  error  signal  meter;  Vi>.  IF  amplifier;  16,  automatic  gain  control  AGC; 
iv.  converter;  19.  target  signals;  19.  target  selection  in  range;  20. 
receiver. 


?' 

An  automatic  system  of  tracking  for  azimuth  can  operate  normally  only  i 

if  the  error  signal  amplitude  is  independent  of  target  dimensions  and  its  ! 

distance  from  the  radar  set.  In  actual  practice  the  constancy  of  Uc0  1 

for  various  distances  away  from  the  target  and  for-  various  effective  i af lecting  j 

surfaces  of  targets  is  insured  by  the  use  in  -the  receiver  of  3n  automatic  j 

gain  control  system  which  changes  the  gain  in  a  manner  inversely  proportional 
to  the  mean  vplue  of  the  pulses.  In  order  that  no  noticeable  demodulation 
may  occur  on  account  of  the  automatic  gain  control  operation  to  the  error 
signal,  which  carries  the  information  about  the  angular  position  8  of  the  s 

target  relative  to  the  equisignal  direction,  the  gain  control  system 
should  have  a  sufficient  degree  of  inertia  with  respect  to  the  oscillations 
of  the  frequency  XL.  .  j 

The  error  signal  voltage  obtained,  whose  amplitude  is  proportional  only 
to  the  magnitude  of  angle  0  while  its  phase  unambiguously  determines 
the  direction  to  the  target,  is  fed  to  the  two  phase  detectors.  In  the  /U65 
'hase  detectors  the  error  signal  voltage  is  broken  down  into  two  direct 
current  voltages,  one  of  which,  UyrjpB  ,  is  proportional  to  the  deflec¬ 
tion  of  the  target  in  the  azimuthal  plane,  while  the  other,  Uynp  ^ ,  is 
proportional  to  the  deflection  of  the  target  in  the  elevation  plane. 

The  controlling  voltage  of  each  channel  is  amplified  and  fed  to  tha 
apDropriate  drive  motor.  The  latter  rotates  the  antenna  in  a  manner  so  that 
0  =  0. 


Direct  current  motors  operating  .jointly  with  electromechanical  anpli- 
fiers  are  most  frequently  used  for  driving  antennas.  Two  phase  motors 
with  bell-shaped  hollow  rotors  and  magnetic  amplifiers  are  used  in  some 
systems . 

The  antenna  scanning  frequency  XL  is  the  carrier  for  the  input  value 
(movement  of  target),  therefore  its  lower  limit  is  taken  at  S  to  10  times 
greater  than  the  frequency  of  the  essential  harmonics  of  the  input  value, 
’he  upper  frequency  limit  of  conical  beam  scanning  in  space  is  determined 
by  the  mechanically  feasible  speeds  of  rotation  of  the  antenna  elements, 
"sually,  the  frequency  of  present  day  automatic  azimuth  tracking  systems 
Is  between  20  and  100  revolutions  per  second. 


Automatic  Systems  of  Tracking  for  Azimuth  With  Linear  Scanning 

The  block  diagram  of  a  typical  automatic  system  of  tracking  for  azimuth 
with  linear  scanning  of  the  antenna  radiation  pattern  in  two  mutually 
perpendicular  planes  is  shown  in  Fig,  VI.  18.  Scanning  in  the  azimuthal 
plane  is  done  by  aHernately  switching  in  the  exciters  I'V,  end  2%  to 
the  receiver;  in  the  elevation  plane  it  is  done  by  switching  in  exciters 
lb  and  2b,  i’he  exciters  are  switched  in  to  the  receiver  by  means  of  8 
‘’errite  circulator  controlled  by  a  commutator.  During  the  first  half 
•criod  of  switching,  T^/2  ,  the  exciters  1L-  2  \>  are  switched  in,  and 
during  the  second  half  period  the  exciters  lb  -  2b  arc  switched  in  or 
the  other  way  around.  Each  exciter  remains  switched  to  the  receiver  for 
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the  period  Tk/2n  in  which  n  is  the  number  of  connections  made  during  a  half 
period. 

If  the  target  is  on  the  equisignai  zone  axis  Oxp  3  a  periodic  succession 
of  constant  amolitude  video  pulses  is  obtained  at  the  receiver  output  during 
both  half  periods  of  commutation.  When  the  target  is  displaced  from  the  equi- 
ai.gnal  line  by  a  certain  spatial  sngle  0  amplitude  modulation  occurs. 

The  pulse  envelopes  in  each  half  period  Tj^  will  be  square  shaped  waves. 

The  souare  wave  of  the  elevation  channel  is  shifted  in  phase  by  tt/2  relative 
to  the  envelope  of  the  azimuth  signal  channel.  For  small  values  of  0  the 
amplitudes  of  these  envelopes  sre  proportional,  respectively,  to  the  0  ft 
and  0£  components 'of  sngle  0  ,  and  the  phases  relative  to  the  reference 

voltages  Uon£>  and  uo£,  developed  by  the  commutator  are  determined  by  the 
direction  of  deflection  of  the  target. 

Inasmuch  as  the  azimuth  and  elevation  channels  are  identical  and  operate 
independently  of  one  another  the  voltage  curves  in  Fig.  VI.  19  are  riven 
only  for  the  azimuth  channel.  The  voltage  curves  unp£ ,  uco  ^  ,  and  u0n  & 
differ  from  the  curves  of  the  azimuth  channel  corresponding  to  them  by  the 
fact  tha^.  they  are  shifted  in  phase  byTT/  2. 

After  separating  out  the  ucojj  and  uC0£,  envelopes  in  the  error  signal 
meter  they  are  fed  to  the  phase  detectors.  As  a  result  of  comparison  with  a 
suitable  reference  azimuth  at  each  phase  detector  output  we  get  a  control  vol¬ 
tage.  The  value  of  this  control  voltage  Uynp  g>  is  determined  by  the  degree 
of  deflection  of  the  target  from  the  equisignai  plane  that  passes  through  the 
top  3  and  Qyp  3  axes,  the  sign  bein;.  determined  by  the  direction  of  the  deflec¬ 
tion.  The  value  of  the  voltage  “yqpfcis  determined  by  the  degree  of  deflec¬ 
tion  of  the  target  from  the  plane  passing  through  the  Oxp  3  and  Ozp  3  axes 
while  the  sign  is  determined  by  the  direction  of  deflection  away  f rora  tnis 
plane. 

■'■fter  amplification,  the  control  voltages  act  on  appropriate  electric 
motors  which  rotate  the  antenna  until  the  error  signal  0  becomes  zero. 

In  the  automatic  system  of  tracking  for  azimuth  vrith  lirear  scanning 
the  amolification  and  error  signal  conversion  channel,  as  well  as  the 
servo  mechanisms  are  not  dissimilar  to  those  found  in  the  azimuth  tracking 
systems  with  conical  scanning. 

The  frequency  of  scanning  cone  flipping  in  one  plane  varies  between  20 
and  5O  cycles,  Moreover,  the  frequencies  may  differ  for  different  scanning 
elanes. 


Automatic  Systems  of  Tracking  for  Azimuth  With 
Phase  "irection  Finders 


fn  -utomatic  systems  oc  trackinp  for  azimuth  with  phase  direction  finders 
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Fig.  VI.  18  Block  diagram  of 
automatic  system  of  tracking  for 
azimuth  with  linear  scanning  in  two 
mutually  perpendicular  planes. 

-/KY:  1.  Exciter;  ?.  ferrite  cir¬ 

culator;  1.  commutator;  h.  nower 
amol ifier;  amplifier;  6.  phase 
detector;  7.  nower  amplifier; 

8.  amplifier;  9«  phase  detector; 

10.  receiver;  11.  error  signal 
meter. 


Fig.  VI.  19,  Components 
of  error  signal  0  in  the 
plane  perpendicular  to  the 
equi signal  zone  axis  (a), 
and  voltage  curves  of  azi¬ 
muth  channel  in  the  cir¬ 
cuit  shown  in  Fig.  VI.  18 
(b) 


>,  \\J  and  successive  comparison  of  target  signals  received  the  azi- 
muth  and  elevation  tracking  channels  are  similar  both  in  operating  principle 
and  mechanical  design.  The  block  diagram  of  Fiv.  VI.  ?0  is  basic  to  both. 

The  system  works  as  follows.  Separated  antennas  are  successively  switched 
in  to  the  error  signal  phase  detector  by  means  of  a  ferrite  circulator  con¬ 
trolled  by  a  commutator.  A  voltage  uc(-  from  a  synchronous  oscillator  is  fed 
to  this  detector  to  provide  information  about  the  angular  position  of  /h68 

the  target  relative  to  the  eanisignal  line. 

The  oscillations  of  the  synchronous  oscillator  should  be  synchronized 
and  phased  with  the  oscillations  generated  for  illuminating  the  target. 

Therefore,  in  the  automatic  systems  of  tracking  for  azimuth  under  consider¬ 
ation  the  synchronous  locsl  oscillator  function  is  performed  either  by 
the  oscillator  in  the  transmitting  system  or  by  an  auxiliary,  low 
directivity  receiving  antenna  whose  axis  coincides  with  the  equisignal  line 
of  the  main  antenna.  In  both  cases  additional  corrections  are  made  to  the 
Dhase  of  the  ucr  voltage  with  the  aid  of  a  phase  inverter.  The  phase  c pc 
of  the  ucr  voltage  is  so  selected  that  if  the  target  is  located  on  the 
equi signal  line  the  error  signal  uco  will  be  equal  to  zero. 

The  voltage  developed  by  the  error  signal  phase  detector  is  amplified 
and  then  passed  to  the  second  phase  detector  where  it  is  conparod  with 
the  reference  voltage.  The  reference  voltage  is  the  signal  of  the  conmutator 
which  controls  the  operation  of  the  ferrite  circulator.  The  .controlling 
voltage  from  the  second  detector  is  amplified  and  fed  to  the  antenna  rotating 
motor. 


The  max^num  speed  of  operation  of  the  automatic  system  of  tracking 
for  azimuth  with  phase  direction  finder  and  successive  comparison  of 
signals  is  determined  by  the  signal  averaging  time  at  the  input  to  the 
second  detector;  it  amounts  to  several  periods  of  the  commutator 


Fig.  VI,  20.  Simplified  block  diagram  of  an  automatic  system  of  tracking 
for  azimuth  with  phase  direction  finder  and  successive  comparison  of  signals 
( a )  .->nd  voltage  curves  of  error  signal  ucc  for  three  positions  of  target 
rol'tive  to  the  Oxp  axis  and  the  reference  voltage  u  (b). 

K",Y:  1.  Drive  motor;  2.  commutator;  3.  ferrite  circulator;  l*.  error  signal 

nhaso  detector;  S',  error  signal  amolifier;  Sa,  phase  detector;  6.  power 
r-oi-.i ;  i'ier;  ".  nh?se  inverter;  r.  synchronous  oscillator;  9.  anplifier. 


7.  Op-  rating  Principles  of  Automatic  Systems  for  Tracking 
in  Azimuth  With  Simultaneous  Comparison  of  Sisals 

General  Information 

Automatic  azimuth  tracking  systems  with  simultaneous  comparison  of 
sisals  are  continuous  operation  trecking  systems. 

Depending  on  the  principles  of  direction  finding  used,  monpulse  automa¬ 
tic  azimuth  tracking  systems  ere  divided  into  two  types:  amplitude  tracking 
systems  and  phase  tracking  systems.  /  U69 


Systems  of  Automatic  Tracking  for  Azimuth 
With  Separate  Utilization  of  Signals 

Generally,  the  amplitude,  monopulsed  automatic  system  of  tracking  for 
azimuth  consists  of  two  closed,  independently  operating  tracking  systems: 
azimuth  anti  elevation  systems.  The  operating  principles  of  these  systems 
are  identical. 


/(Tf:  1.  Xixer;  2.  logarithmic  amplifier;  3.  amolitude  detector;  U.  local  os¬ 

cillator:  5.  amolitude  discriminator;  mixer;  7.  logarithmic  amplifier; 
amplitude  '-etector;  nower  amolifier;  10.  amplifier;  11,  drive  motor 

Fir.  VI.  21.  'lock  diagram  of  a  monopulsed  automatic  system  of  tracking 
ror  azimuth  with  amplitude  direction  finder. 

The  basis  of  'he  automatic  system  of  target  tracking  try  only  one  angular 
coordinate  is  seen  in  Ihe  simplified  diagram  of  Fig.  VI.  21.  The  trans¬ 
mitter  and  auxiliary  devices  for  selecting  targets  in  range  are  not  shown 
in  th‘s  diagram. 

To  describe  the  equisignal  zones  coinciding  with  the  plane  of  the  coor¬ 
dinate  being  measured,  the  radiation  patterns  of  two  antennas  are  shifted 
hr  the  angle  2  "y7o  determined  by  formula  (VI,  36}  when  the  antennas  are 
operating  on  reception  and  transmission,  and  by  formula  (VI.  37)  when  the 
equipment  is  for  operation  on  recention  only. 

-ach  ant.enns  or  exciter  shifted  with  respect,  to  the  paraboloid  axis  is 
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is  switched  t,o  «  particular  s’ msl  converter  channel*  When  the  target  is 
deflected  from  the  equisignsl  line  (>Xp  a  by  a  certain  angle  B  the  fol¬ 
lows  ng  voltages  will  appear  on  the  converter  channels t  /  1j70 

Muxi  ~  AF  (V»  T  0)  slu  <•#/; 

--  KF(ya  ±  0)  mum/. 

in  which  K  is  a  coefficient  which  is  a  function  of  the  simal  strength 
and  antenne  voltage  gain;  F  (.  .  •  )  is  the  standardized  antenna  voltage 
radiation  pattern;  -f0is  -be  snple  between  the  line  of  maximum  radiation 
of  the  directivity  pattern  and  the  antenna  equisignal  line. 

These  voltages  are  smolified  in  the  intermediate  frequency  by  logarith¬ 
mic  amnlifiers  and  then  fed  to  the  amplitude  discriminator  (of  the  subtracting 
device).  In  order  that  a  comparison  of  signal  anplitudes  only  may  occur 
within  it  these  voltages  are  first  oassed  through  the  amplitude  detectors 
before  being  fed  into  the  subtracting  device. 

After  comparing  the  anplitudes  of  two  simultaneously  received  slgnsl6 
the  cortrol  voltage  at  the  output  of  the  direction  finding  device  is  equal 
to 

Uyr.f  ~  A'*,  p  (it*,  |  tt,,%  ;)  ~  Kt.  pV «u„  0  bl  ) 


in  which  KP4p  is  the  amplitude  discriminator  gain;  bf>tJ|X  is  the  initial 
output  voltage  of  the  logarithmic  amolifier.  ° 

At  small  angles  of  target  deflection  from  the  eouisignal  line  Q  «  1 
where  jUL  represents  the  direction  finder  sensitivity  or  the  absolute  value 
of  the  relative  slope  of  the  radiation  pattern  at  the  point  of  their 
intersection,  the  voltage  u y^p  will  be  determined  ss  follows; 

uy.,.  >  2K,  ,it»Vhux  ^  2A'0|*h,  (VI.  39) 


in  which  K<-> 


Tp 


The  values  of  direction  finder  sensitivity  for  an  approximation  of  pat¬ 
terns  by  various  functions  .are  given  in  T.-ble  VI.  2. 

Logarithmic  enplifiers  are  used  to  eliminate  the  effects  of  a  strong 
received  sir  lal  and  the  gain  of  the  receiver  on  the  slope  of  the  direction 
finder  curve  of  the  system.  In  a  simple  subtraction  of  detected  and  amp¬ 
lified  signals  the  control  voltage  Vypp  and,  therefore,  the  slope  of  the 
direction  finder  characteristic  curve  would  deoend  not,  only  on  the  error 
signal  angle  but  also  on  the  factors  mentioned  above.  By  using  logarithmic 
arpli Tiers,  however,  this  drawback  is  eliminated  since  the  control  voltage 
is  proportional  not  to  the  difference  in  amolitudes  of  the  signals  received 
hut  to  the  quotient  of  the  division  of  amplitudes. 

'rrlit.ene  boost’ r"  inroeos  specific  requirements  on  the  parameters 
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Table  VI.  ? 

Direction  Finder  Sensitivity  Values 


Type  of  approxi¬ 
mation  of  radia¬ 
tion  pattern 

Values  of  Coefficient 

‘«ntenna  operating 
on  reception  only 

Antenna  used  for 
reception  and 
transmission 

,  sin  2,81  &- 

/•  (fl) - k_ 

*•' & 

. • „L  c[>:  *>  si  -•*- _ ! 

Pj  Po  \u 

i— -  clt;  2.81  .12.  —  o  ilL 
»’»  k  _  Vb  j 

i 

F(f>)  —  cos*  1.14 

r. 

ill ,*  hi*yi  ’ 
p»  -  p« 

’  _i,.y*(  JLl" 

j  F®i~,  '  **-  ’ 

«■  (.£) 

Kt) 

*  f  (P) 

7'  R°  sm  P) 

4'  A’„  sm  p 

A. 

r.v  /j  -  -iJ>ynKmm  lice- 
(Ml  iitpioro 
pf>an  nrpiwro 

g  iioi'AJKn; 

*  Ra-  pj.viyc  p.icn- 

JilJB.’  ailTCIM’M 

tv  1K(t) 

■;,J.  •!/)->  (  V"  ) 

'K  [  1 

1 

1 

_  1 

•Y:  A.  in  which  .J-j  ir  a  first  order  Pessel  Function  of  +he 
first  i'inn; 

r-«  is  the  rft-ius  of  the  antenna  poerture. 
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of  eacn  of  the  channels  in  the  radio  system.  If  tho-e  is  any  ineouality 
in  the  rain  of  the  secerate  channels  errors  will  crop  up  in  determining 
the  equisignal  direction.  Special  measures  should  be  taken  to  maintain 
similar  and  stable  transfer  constants  in  both  amplification  channels. 

The  voltage  U^np  ,  simplified  beforehand,  whose  magnitude  i:>  proportion¬ 
al  to  the  absolutevalue  of  the  error  signal  0  and  whose  sign  determines 
the  direction  of  deflection  of  the  target  from  OXp  a  is  fed  to  the  servo 
mechanism  motor  in  the  system  to  match  the  equisignal  line  with  the  direction 
to  the  tracked  target.  The  motor  will  rotate  the  antenna  toward  the  target 
as  long  as  the  displacement  angle  0  is  other  than  zero. 


Amplitude  Systems  in  Automatic  Tracking  for  Azimuth 
V.'ith  Sum  and  Difference  Processing 

in  these  systems  the  signal  amplitudes  of  both  channels  are  compared 
directly  at  the  antenna  outputs  before  they  reach  the  receiver.  This  kind 
of  comparison  of  signals  greatly  reduces  the  requirements  for  equality  of 
gain  by  the  receiving  channels  of  the  system,  and,  therefore,  it  insures 
higho”  tracking  accuracy. 

Comparison  or  algebraic  summation  of  high  frequency  signals  is  accomplished 
either  through  the  use  of  "double  T"  wsveguide  bridges  (Fig.  VI.  22a)  or 
waveguide  (hybrid)  rings  (Fig.  VI.  22b).  Both  tyoes  of  waveguide  devices 
are  the  same  as  to  characteristics  for  receiving  sum  and  difference  signals. 
However,  the  wave-uide  ring  is  more  sensitive  to  changes  in  wavelength  and 
is  more  compact  since  it  is  disposed  in  a  single  Diane. 


rig.  VI.  22.  '•Javerci'e  devices  for  receiving  the  sum  and  difference 
of  two  signals:  a.  tiouole  "T-shaoed"  waveguide  bridge;  b.  hybrid  ring. 

The  tvpe  circuit  shown  in  Fig.  VI.  23  is  the  basis  of  multi-channel  sys¬ 
tems  of  automatic  target  tracking  in  two  planes.  Shown  in  Fig.  VI.  2h  are 
*V  r’rection»l  ch->rac^ri sties  of  an  antenna  system  used  for  a  suwnation 
r‘"' rr 'Fir,  VI,  ?|>a)  am  two  difference  channels  (Fig.  VI.  2ub,  c). 
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The  system  op-rates  as  follows.  Three  signals  are  formed  from  the 
voltages  U]_,  u?,  U3,  and  uh  taken  off  the  senarately  disDOsed  antenna 
exciters'. 

summation  signal 

Uz  —  K  l(M:  -r  -f-  («3  +  *<4)1  = 

=  2 K  (F  (Y  +  Oj)  +  F  (Y  ±  0*)l  sin  (tat  +  <f0); 

two  difference  signals 


«a  =  K  i(»i  5*  «s)  -  («i  4-  ««)|  ~ 

=--  2 K  \F  (Y  +  %)-F  (Y  ±  0p)l  sin  (u>/  J-  p.);  • 
•  «s  =  /C  |(»i  -f-  «2)  —  (m»  +  «4)i  = 

=  2 K  IF  (v  T  Of)  — F  (Y  ±  »«))  sin  (0 it  ■■  p„), 


in  which  K  is  the  factor  taking  into  account  antenna  gain  and  signal 
attenuation  in  the  summation  devices;  F  (...)  is  the  standardized  radia¬ 
tion  pattern;  ~f  is  the  angle  between  the  maximum  radiation  direction  and 
the  reflector  axis*— the  optimum  magnitude  of  this  angle  is  determined  from 
the  conditions  set  forth  in  (VI.  36)  or  (VI.  37);  ,  0g,  are  the  azimuthal 

and  angular  displacements  of  the  target  relative  to  the  paraboloid  axis; 

is  the  fiexed  phase  angle  constant. 

The  signals  ut ,  uft,  and  u  £  go  to  the  input  of  the  three  channel 
superheterodyne  receiver.  In  o-der  that  the  range  voltage  u  £  simultan¬ 
eously  be  the  reference  voltage  for  the  azimuthpl  and  elevation  signals 
it  is  first  shifted  in  phase  by  the  angle  H/2,  In  the  receiver  all  three 
sigr  .ils  are  converted  into  intermediate  frequency  signals,  amplified  in  that 
vreauency,  and  then  fed  to  the  appropriate  phase  detectors.  In  the  phase 
detectors  the  azimuthal  signal  and  the  angular  elevation  signal  are  multi¬ 
plied  by  the  reference  signal. 


Divect  current  nulses,  whose  amplitude  and  polarity  inpart  the  magnitude 
-'r.d  sirn  for  angles  83  and  respectively,  are  taken  off  the  phase 
detectors  of  the  azimuthal  and  elevation  channels.  In  order  that  the 
amplitude  of  these  pulses  may  not  be  dependent  on  changes  in  amplitudes  of 
the  summation  channel  signal  (ranpe  channel)  fast  resnonse  automatic  gain 
c  ntrol  systems  operating  fr-rn  the  summation  channel  are  used  in  systems  of 
trackin'7  for  azimuth  with  sum  and  difference  processing  of  signals.  During 
the  orocess  of  automatically  tracking  a  target  the  fast  response  automatic 
f*«in  control  maintains  a  fixed  signal  amplitude  st  the  output  of  the  summa¬ 
tion  channel  »nd  develops  a  gain  control  voltage  for  the  azimuth  and  eleva¬ 
tion  channels  whose  change  is  inversely  proportional  to  the  amplitude 
voltage  at  the  input  to  the  sumation  channel.  Therefore,  after  the  direct 
current  pulses  pass  through  the  appropriate  video  amplifiers  snd  pulse 
detectors  they  are  converted  into  controlling  voltage 


F4..  3K1,.  yU,  [F  (y  fy)  —  F  (y  -  O4)} 
"AVer  IF  (yVutj  •  F  (y  *  0*n  ~ 

aA*h.  yf^.fF  (y  -  0t)  —  F  <Y  ±  0«)| 
Ap,r  IF  (v  +  0;,  -j-  F (y  ±  0,) J 
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in  which  K <\,n  -'no  KBt  are  the  transfer  coefficients  of  the  phase  detsctor 
-rnd  video  amnlifier,  respectively;  '!0  is  the  amplitude  of  the  output  signal 
of  the  summation  channel  if  it  has  a  quick  response  automatic  gain  control; 
and  K  p«r  if  the  transfer  coefficient  of  the  o.uick  response  automatic  gain 
c  ntrol.  The  oo"er  voltages  Uynp8  *nd  uynp  p.  enter  the  power  drive 
mechanisms  which  rotate  the  antsnns  until  the  axis  of  the  paraboloid  coincides 
with  the  direction  toward  the  target,  i,e*  when  Qp  and  8&  are  enual 
to  zero. 


Phased  Systems  of  Automatic  Tracking  for  Azimuth 

Automatic  systems  for  tracking  in  azimuth  with  phased  direction  finders 
[~9j  by  the  method  of  changing  the  social  position  of  the  enuisipnal  line 
are  divided  into  the  system  with  mechanical  rotation  of  the  antenna  and  tha 
phase  delay  (Fig.  VI.  25)  system. 

If  there  is  an  angular  difference  in  0  between  the  direction  to  the 
target  and  the  position  of  the  enuisignal  line  OXj,  9  the  signals  at  the 
outout  of  both  antennas  are  determined  by  the  expressions: 

«i  =  KnF  (0)  (oj/  f  -2~d  bin  ; 

M;  KaF  (U)  (<•)/  — %-d  sin  0^ , 


in  ”hich  K  n  is  the  proportionality  factor  depending  on  the  signal  strength 
-nd  the  antenna  gain;  F  (...)  is  the  standardized  antenna  radiation 
r=ttern;  A  is  the  wavelength;  d  is  the  distance  between  antenna  foci  (base)* 

The  signals  U'j.  and  U2  are  anplified  in  the  apnropriate  chsnnels  of 
the  two  channel  superheterodyne  receiver.  To  get  a  direction  finding  response 
curve  with  central  synsnetry  the  signal  is  shifted  in  phase  by  the  angle  -Jf/2 
in  one  of  the  receiver  channels.  Uniformity  in  the  slope  of  the  DP  response 
curve  is  insured  either  through  nutonrtic  gain  control  devices  or  by  utilizing 
sign»l  sirplitude  limiters  in  t^e  IF  =nnlifier  channels. 

"he  following  voltages  are  taken  from  the  intermediate  frequency  amplifier 
outputs: 

for  circ  lits  described  in  Fig.  VI.  25a 

Wj  ^  sin  ^oht,  *1  *}•  \ 

u’t  =  (/,.,  Sin  («„.„<  — J-); 

For  circuits  snown  in  Fig.  VI,  25b 

iii  Oorp  sin  ^o>n.  „/  -p  ; 

l>2  t^orp  'in  Ht — [- 1})^  , 
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in  which  llpju  is  the  amplitude  of  sign®!  pulses  at  the  IF  amplifier  output 
whose  magnitude  is  stabilized  by  the  automatic  pain  control  system;  COt|  is 
the  intermediate  frequency;  cp=;>ry^d$Jh  6  is  the  phase  difference  of  sig¬ 
nals  received  from  the  dispersed  antennas;  Uorp  is  the  amplitude  of  signal 
oulses  at  the  output  of  the  ii. miter;  is  the  variable  Dhase  shift  intro¬ 

duced  by  the  ohase  cc.'-jirter. 


The  signals  u*^  and  u’2  are  fed  to  the  phase  detector  which  performs 
the  function  of  a  ohase  discriminator  in  these  systems.  From  u'x  and  u*2 
at  the  phase  discriminator  output  s  periodic  sequence  of  direct  current 
ou.lses  formed,  i’he  sequence  is  determined  for  the  circuit  in  Fig. 

VI,  25a  by  the  expression 


“yrp  »  K«.P</a.«sin  (-Y-dsmo),  (77, 

arw  the  circuit  in  Fig.  VI.  2f->  by 

5in  (-X" A slK  6  —  <l>) .  (VI. 

in  vnic,,  K^p  ;•  transfer  coefficient  of  the  phase  discriminator 


(VI.  1*2) 


(VI.  1»3) 


At  omall  -ngles  of  error  of  9  the  voltage  at  the  phase  discriminator 
cutout  is  e~'ial  to 


^'yi'p  ~  ii-  h  sin  — . .  dO; 


(VI*  hh) 


Hyif  —  K$.  p(/o,p  iln  dO  —  . 


(VI.  1*5) 


After  conversion  by  the  pulse  detector  and  low  frequency  filter  into 
direct  current  voltages  they  trigger  aoorupriate  drives  which  change  the 
spatial  position  of  the  equisignal  line.  In  the  automatic  system  of  tracking 
for  azimuth  shown  in  Fig.  VI.  25a  this  is  achieved  by  mechanically  rotating 
the  antenna  mechanism  ,  and  in  the  system  shown  in  Fig.  VI.  25b  it  is 
achieved  through  the  action  on  the  phase  inverter  which  controls  the  amount 
of  phase  delay  in  one  of  the  channels  of  the  system. 


The  m-rked  advantage  of  the  system  with  phase  delay  and  fixed  antenna 
is  its  nuick  response, :this  condition  is  possible  because  large  masses  do 
not  have  to  be  di solaced  mechanically. 


ft,  Basic  “ lemon ts  of  Systems  for  Tracking  in  Azimuth 


Phase  Detectors  (Discriminators) 


A  nh-se  detector  is  an  electronic  device  used  to  convert  the  difference 
in  phase  of  two  signals  having  t.he  same  frequency  into  direct  current 
voltage  whose  magnitude  is  generally  proportional  to  tne  aimlitudes  of  the 
signals,  •’nd  whose  nolaritv  is  a  function  of  the  nh-se  differences  of  these 
voltages, 
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F\p,  VI.  2:1.  Block  diagram  of  monopulse  automatic  systems  of  tracking  in 
azimuth  with  phase  direction  finders  a  -  with  mechanical  rotation  of  an¬ 
tenna  system;  b.  with  phase  delay. 

iU-1:  1,  Antenna;  2.  mixer;  3.  automatic  pain  control  system;  b.  IF  amplifier; 

1.  loc^i  oscillator;  6.  nhase  discriminator;  7.  amplifier,  pulse  detector; 

mixor;  9,  IF  amplifier;  30.  AGC  system;  11.  power  amplifier;  12.,  drive 
motor;  i3.  mixer,  IF  amplifier;  lb.  limiter;  15»  local  oscillator;  16.  phase 
discriminator;  17.  phase  inverter;  18.  mixer,  IF  amplifier;  1?.  limiter; 

20.  motor;  21.  power  amplifier;  22.  amplifier,  pulse  detector. 


P(hase  detectors  are  divided  into  balanced  and  circular  tyoes.  Balanced 
phase  detectors  are  generally  used  in  r-dar  sets  with  automatic  azimuth 
tracking  systems.  The  detectors  may  be  diodes  or  triodes. 

Balanced  diode  detectors  are  designed  in  accordance  with  the  circuit 
shown  in  Fig.  VI.  26.  Their  operating  principle  is  based  on  the  addition 
and  subtraction  of  an  error  signal  voltage  Up*  (of  0ne  signal)  and  a  re¬ 
ference  voltage  ttor7  (of  a  second  signal).  The  output  voltage  of  the 
device  is  equal  to  the  difference  in  voltage -drops  across  the  resistances 
Ri  and  R2. 


Fig.  VI.  26.  Schematic  diagram  of  a  diode  balanced  phase  detector 

(in  a  balanced  circuit  Rj  *  Rg  ■  R;  *  C2  “  C). 

The  following  disadvantages  are  peculiar  to  diode  phase  detectors: 

—  they  have  a  low  transfer  coefficient  (less  than  two); 

—  the  power  required  from  the  error  signal  source  depends  on  the 
load  connected  to  the  output  of  the  circuit; 

—  circuit  b=lance  depends  on  load  balance; 

—  with  large  error  signals  it  is  difficult  to  insure  the  inequality 
,Jml  -Jm2* 

Triode  nhase  detectors  have  better  performance  characteristics.  They 
not  only  convert  the  signs!  but  simultaneously  amplify  it.  Depending  on 
the  Method  by  which  the  error  signal  uR_  is  fed  triode  phase  detectors 
are  divided  into  those  with  symmetrical  input  and  those  with  asymmetrical 
input.  The  former  msy  be  single  cycle  or  two  cycle.  The  two  cycle  phase 
detector  ciicuita  differ  from  the  single  circuits  in  having  not  one  but 
two  pairs  of  triodes  in  a  two  cycle  (push-pull)  connection. 


Amplitude  Discriminators 

An  amplitude  discriminator  ie  an  electronic  or  electromagnetic  device 
(for  example*  a  type  of  magnetic  aaplifier)  whose  output  voltage  is  pro¬ 
portional  to  the  difference  of  the  instantaneous  values  of  two  input  signals. 

ut»ir  “  K*.  p  l  u»xth  (VI.  46) 
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In  which  Kn.p  is  the  discriminator  transfer  coefficient;  Upxi  and  Uqx2 
are  the  instantaneous  values  of  input  signals. 


Fig.  VI,  27.  Circuit  of  an  electronic  amplitude  discriminator 


Because  of  the  low  input  resistance  of  electromagnetic  amplitude  discrim¬ 
inators  only  electronic  types  of  discriminators  are  used  in  azimuth  track¬ 
ing  systems.  Usually,  these  discriminators  are  designed  according  to  a 
direct  current  symmetrical  differential  amplifier  (Fig.  VI.  27). 

Circuit  symmetry  is  obtained  by  equalizing  the  plate  loads  (Rai  -  Ra2  “  Ra) 
and  having  tubes  with  identical  parameters.  Due  to  the  spread  in  tube 
parameters  the  circuits  of  electronic  differential  amplitude  discriminators 
are  not  usually  ideally  symmetrical;  instability  of  power  supplies  also 
affects  the  output  signal.  To  decrease  zero  drift  on  account  of  instability 
of  power  supply,  neg-tive  feedback,  accomplished  by  applying  a  large  cathode 
resist-nce  Rk,is  used  in  such  circuits. 

Actually,  zero  drift  can  be  disregarded  if  R^  resistance  values  are 
selected  in  accordance  with  formula 


Rk  —  (10  io,  ~~y~, 


(VI.  1*7) 


in  which  %  is  the  internal  resistance  in  the  tubes;  u  is  the  tube 
amplification  factor. 

The  transfer  constant  Ka<D  of  the  symmetrical  amplitude  discriminator 
depends  on  the  parameters  of  t  he  tubes  used,  and  the  magnitudes  of  the 
resistance  R0  and  load  resistor  Rh. 


in  '-'hich  ft,,  »  ft, 


fta. " 


'■  1  ■  JIl  +  IEl 

is  _  gfta 

*,p~  Ri-rRi  ’ 


(VI-18) 


(VI. -19) 
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Error  Signal  Meter 

A  device  which  separates  out  and  amplifies  an  envelope  from  the  periodic 
train  of  amplitude  modulated  video  pulses  from  the  outnut  o°  the  automatic 
azimuth  tracking  system  with  successive  comnarison  of  signals  is  known  /  U80 
as  an  error  ( misalignment)  signal  meter. 


»  a 
»  a 

.  _L  j 


video 

amplifier 


detector 


amplifier 
with  filter 


Fip.  VI.  28.  Error  signal  meter  circuits. 

Error  signal  metering  circuits  widely  used  in  such  systems  are  shown  in 
Fig.  VI.  28.  In  Figure  VI.  28a  the  signal  is  demodulated  by  a  separate 
diode  detector,  and  in  the  circuit  of  Fig.,  VI,  28b  demodulation  is  accomplished 
by  an  amplifier  tube  operating  on  grid  detection. 

A  condition  for  non-distorted  demodulation  of  the  signal  in  these 
circuits  is  the  inequality  C^J 


>77  » -T&-’  (VI.  50) 

in  which  T  p,Kj  is  the  video  pulse  tracking  period;  Til  is  the 
envelope  period;  m  is  the  modulation  factor. 

This  condition  is  usually  fulfilled  properly  in  practice  because  the  /  1*81 
ratio  Til  /  Tg,^  has  an  order  of  magnitude  of  20  -  1*0  ,  while  m>J>  1, 


For  the  error  signal  me4er  shown  in  Fig.  VI.  28a  the  transfer  constant 


»■  j>  *  ‘  (-»r- 


of  the  reak  detector  is  canal  to  fU 


"  1  '  sSsr  (VI.  51) 

in  ->’hich  SA  ■  MA\*  -l*  A’.)  is  the  dynamic  slope  of  the  detector  response 
curve;  0Bn  is  the  video  pulse  duty  factor;  R|jj  =  l/S  is  the  internal 
resistance  of  an  open  diode;  Ra  is  the  plate  load  resistance  of  the 
preceding  stage;  R^  is  the  detector  load  resistance. 

The  formula  is  valid  if  the  following  conditions  are  fulfilled: 

Rt Ct  4.  0.5tm;  RiA  4C  R.\<  Rfi*  &  T\i»  ^ ^ 

in  which  <Ctf  is  the  duration  of  the  main  Dulse.  \ 

For  an  error  signal  meter  with  grid  detection  the  transfer  constant 
of  the  detector  is  equal  to 


_  S^uRn 
Aa  “  «atO„(«.aT  Ah)  * 


(VI. 52) 


in  which  Sfl  is  the  slope  of  the  detector  tube  response  curve;  Rh  is 
the  olate  load  resistance;  R,*£  is  the  resistance  of  the  grid-cathode 
portion  of  an  open  tube. 

Tn  addition  to  the  transfer  constant  peak  detectors  of  error  signal 
meters  are  characterized  by  a  phase  shift  qpA  of  the  output  signal  rela¬ 
tive  to  the  input  signal  envelope  and  by  a  time  delay  equivalent.  Usually, 
the  phase  shift  is  of  the  order  of  l/-o  -  60°  while  the  time  delay  equivalent, 
which  is  a  function  of  the  detector  parameters  and  the  magnitudes  R,q  pnd 

is  considerably  smaller  than  the  time  constant  equivalents  encountered 
in  the  following  elements  of  the  system.  Therefore,  the  delay  introduced 
by  the  detector  is  not  taken  into  account.  The  following  voltage  is  fed 
from  the  oeak  detector  to  the  error  signal  amplifier  input  in  which  Unp 
is  the  amplitude  of  the  voltage  at  the  receiver  output  * 

uc  ■  Kq  unp  C+  »  cos  (rxt  +iy  ) J 

In  any  case,  the  amplitude  of  the  alternating  component  of  the  output 
voltage  of  the  detector  is  U  Xl_*  mUr,p  ,  consequently  the  meter  output 
voltage  is  a  function  not  only  of  the  magnitude  of  deflection  of  the  target 
from  the  equisignal  line  (the  coefficient  of  m)  but  also  of  the  target’s 
dimensions  -nd  its  distance  from  the  automatic  system  of  tracking  for  azimuth. 
iTor  normal  operation  of  the  automatic  tracking  system,  i.e.  excluding  any 
possibility  of  loss  of  stability  it  is  necessary  to  insure  proportionality 
only  between  the  error  signs!  and  the  magnitude  of  target  deflection. 

In  automatic  azimuth  tracking  systems  with  successive  comparisons  of 
signals  this  is  insured  through  the  use  in  the  receiver  of  a  conventional 
automatic  gain  control  (an  automatic  gain  control  operating  on  a  closed  cycle) 
and  through  a  special  operating  mode  of  the  error  signal  amplifier  tube 
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in  the  metering  circuit.  The  Amplifier  tube  is  caused  to  a't^ume  such  an 
operating  mode  when  its  characteristic  is  essentially  non-lihear;  the 
direct  component  U0  *  U  np  of  the  peak  dertector  voltage  is  fed  to 
the  tube  grid  as  a  bias  voltage.  Consequently,  the  slone  change  of  the 
amplifier  tube  response  cu-’ve  is  inversely  proportional  to  U«  i.e. 


c  _ 


(VI.  53) 


Given  the  required  degree  of  stabilization  of  receiver  gain  by  the 
automatic  gain  control  system  the  quality  of  secondary  stabilization  of  the 
error  signal  deoends  on  how  accurately  this  condition  is  fulfilled  for 
the  whole  range  of  changes  of  U0.  In  many  instances,  and  especially 
when  tracking  large  sized  targets  at  short  range,  the  Actual  character¬ 
istics  of  tubes  may  not  satisfy  this  condition.  To  obtain  the  required 
relationship  between  and  UQ  on  a  broader  section  of  the  tube 


response  curve  a  small  resistance 
cuit  of  the  amplitude  pentode. 


is  inserted  into  the  cathode  cir- 


Error  Signal  Meter  Band  Filters 

In  azimuth  tracking  systems  band  filters  serve  to  seoaraie  out  the 
basic  harmonic  of  the  envelope  of  anplitude  modulated  pulses.  Ordinarily, 
they  are  a  component  part  of  the  error  signal  amplifier  contained  in  the 
meter. 

Resonant  LC-circuits  (Fig.  VI.  29s)  and  double  T-shaped  bridges 
(Fig.  29b)  tuned  to  the  scanning  frequency  of  the  antenna  beam  find  prac¬ 
tical  application  as  filters  in  automatic  systems  of  tracking  for  azimuth. 

/'s  ar.  element  of  the  servo  system,  filters  are  characterized  by  the  trans¬ 
fer  function  for  the  envelopes.  For  a  filter  reoresenting  a  resonant 
oscillating  circuit  coupled  into  the  plate  circuit  of  the  amplifier  tube 
of  the  error  signal  meter  the  transfer  function  of  the  envelopes  is 
determined  by  the  formula 


U»  - 


i  :•  ta  ’ 
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in  which  S  is  the  slope  of  the  amplifier  tube  response  curve;  /  1*83 
Zp  is  the  dynamic  resistance  of  the  filter;  1  is  the  time  constant  of 

the  circuit  ~  its  own  resonance  frequency;  0 

it.  R  "  .i/i  ’  ° 

is  the  Q-factor  of  the  circuit 


A.  \/±- 
r  V  (;  ' 


B  is  the  filter  passband. 


w 


Fig.  VI.  29.  M»rrow  band  filter  circuits  used  in  automatic  systems  of 
tracking  for  azimuth;  a  -  resonant  circuit;  b.  double  T-shaoed  bridge; 
c.  tube  narrow  band  filter. 

For  a  double  T-shaped  bridge  filter 


W  (p)  -  K 


i  tp 
I  At/i  * 
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in  which 


K  — 


I  •}• 


_ T4-7Vfc.-rTa  _ 


This  formula  is  vs1  id  when  At  <  l;Qe  ,  assuming  that  the  "resonant” 
freouency  of  the  filter  V2. 0  is  clo'se  to  the  scanning  frequency. 


The  double  T-shaned  filter  is  used  in  azimuth  tracking  systems  in  the 
discriminating  amplifier  circuit.  It  is  inserted  between  the  control 
grid  and  plate  of  the  tube  in  the  amplifier  stage  on  resistances  with  a 
large  transfer  constant  K0  (Fig.  VI.  29c).  /  U9U 

The  transfer  function  of  the  amplifier  included  by  the  negative  feed¬ 
back  thrugh  the  fileter  in  question  is: 


<1»(P) 


A»  _  __  I  __  _  I  At/i  _ 

TV  XV#  (p)  ~~  u  (p)  a  (id  Tpf 
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Hy  "metrical  narrow  band  double  T-shaped  filters  are  used  in  M 
discriminating  amplifier  circuits.  The  Dararaeters  of  such  filters  are 
selected  from  the  relationship 

_ _  C,  ~  Ci  ■ 

A,  (Rt  -r-Aa)  ~  Ci 

log 
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The  transfer  function  of  s  symmetrical  envelope  filter  is  equal  to 


end  that  of  an  amplifier  with  such  a  filter  ia 
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9.  Power  Drive  Boosters 
General  Information 

Electronic,  magnetic,  and  electromechanical  amplifiers,  as  well  as 
combinations  of  such  amplifiers  are  used  in  azimuth  tracking  systems. 

As  boosters,  they  control  the  electric  motors  which  direct  the  antenna 
toward  the  target.  Hie  kind  of  system  to  be  used  for  target  tracking  by 
angular  coordinates!  is  governed  bv  the  type  end  power  of  the  driving  motor. 

If  the  drive  motor  is  a  two  phase  asynchronous  unit,  provision  is 
usually  made  for  a  modulator  in  the  structure  of  the  simplifying  device; 
its  function  is  to  convert  the  dc  controlling  voltage  developed  by  the 
phase  detector  or  amplitude  discriminator  into  ac  voltage  with  an  amplitude 
proportional  to  the  magnitude  of  the  input  voltsge  and  a  phase  determined 
by  the  polarity  of  the  input  voltage.  Since  it  is  difficult  to  get  stable 
amplif icatiun  with  d-c  electronic  amplifiers,  the  modulator  in  systems 
of  ‘his  tyne  precedes  the  voltage  amplifier. 

If  a  direct  current  motor  is  used  as  the  actuator  there  is  no  need  /U85 
to  convert  the  control  voltage  and  the  input  signal  is  boosted  by  the 
direct  current  amplifiers. 

The  power  amplifier  is  usually  the  terminal  stage  in  boosters  designed 
to  drive  d-c  or  a-c  motors.  In  the  case  of  lower  power  motors  the  power 
amplifier  may  be  of  electronic  design  with  single  cycle- circuit.  A  push- 
duII  circuit  is  used  to  obtain  a  relatively  greater  amount  of  power;  in  many 
instances  magnetic  amplifiers  are  used  which  have  an  efficiency  greater 
than  that  of  tube  power  amplifiers.  In  systems  with  d-c  motors  electro¬ 
mechanical  amplifiers  are  most  often  used  for  power  boosters. 


Modulators 

Modulators  arc  devices  which  convert  a  direct  current  signal  into 
alternating  current  voltage  with  an  amplitude  proportional  to  the  magni¬ 
tude  of  the  input  voltsge  and  a  phase  determined  by  the  polarity  of  the 
input  voltage. 

Depending  on  their  operating  principle  modulators  are  divided  into 
commutator  and  balanced  types.  In  the  former  the  signal  is  inoculated  by 
the  commutator  of  the  vibrator  type  auxiliary  device  or  by  a  rectifier. 
In  the  case  of  balanced  modulators  the  signal  modulation  occurs  by 
disturbing  the  circuit  balance  when  the  direct  current  voltage  is  fed  to 
the  input. 


Fig.  VI.  3'j,-  Ring  modulator 

repending  on  the  elements  used  modulators  are  divided  into 

—  electromechanical  types  based  on  the  use  of  vibrator  relays; 

—  rectifier  types  based  on  the  use  of  semiconductor  valves  or  diodes; 

—  electronic  types  with  electronic  amplifier  tubes; 

—  magnetic  types  based  on  the  use  of  magnetic  amolifiers. 

The  rinr  modulator  (Fig.  VI.  30)  acts  like  a  comutating  type  in  its 
operating  principle,  but  as  far  as  the  elements  used  it  relates  to  the 
rectifier  type.  Conversion  of  the  direct  current  input  signal  into  an 
alternating  current  signal  is  based  on  changing  the  resistance  of  the 
rectifier  as  a  function  of  the  voltage  applied.  /  U86 

The  circuit  operates  as  follows.  The  commutating  voltage  u^  is  fed 
to  one  of  the  diagonals  of  the  rectifier  bridge  by  way  of  the  steD-up  trans¬ 
former  Tpx.  For  normal  operation  of  the  modulator  the  commutating  voltage 
fed  to  the  diagonal  of  the  bridge  is  taken  considerably  greater  then  the 
input  voltage  ubx  which  is  fed  to  the  center  points  of  the  windings 
of  transformers  Tr^  ~nd  Tp^.  The  output  voltage  ug^*  is  taken 
from  the  secondary  winding  of  the  transformer  Tp2.  Because  the  commutating 
voltage  is  considerably  greater  than  the  input  voltage  the  operation  of 
t.he  rectifiers  in  ring  tvne  modulators  is  governed  by  the  voltage  uk, 

During  one  half  period  of  this  voltage  the  resistance  of  rectifiers  K2  and 
3  is  very  low,  while  that  of  rectifiers  1  and  h  is  very  high.  In  th? 
next  half  period  the  opnosite  conditions  holds  true*  rectifiers  2  and  3 
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operate  in  a  condition  of  verv  low  resistance,  while  rectifiers  1  and  U 
are  operating  under  conditions  of  very  high  resistance. 

The  circuit  in  a  ring  type  modulator  is  symmetrical.  Hence,  in  the  ab¬ 
sence  of  an  input  signal  the  output  voltage  u^x  is  equal  to  zero  due 
to  tr.e  fact  thpt  currents  equal  in  magnitude  and  opposite  in  sign  flow 
through  the  orimary  winding  of  transformer  Tp2. 


Fir.  V" .  31.  Balanced  two  half-period  type  modulator  on  triodes. 

’••1160  a  direct  current  signal  is  fed  to  the  modulator  the  balance  of  the 
resistances  in  the  rectifier  bridge  is  affected.  Apart  from  the  two  current 
components  caused  by  the  commutator  voltage,  a  third  corponent  appears  in 
the  primary'  winding  of  the'outcut  transformer;  this  one  is  caused  by 
the  source  of  the  innut  voltage.  The  current  conponents  in  the  primary 
winding  of  transformer  Tpj  which  apeeared  under  the  influence  of  the 
voltage  Uk,^  are  compensated  for,  .lust  as  was  true  in  the  case  where 
uo\  ■  -he re fore,  the  magnitude  of  the  resulting  current  and  voltage 

on  the  pr  m=ry  winding  of  the  output  transformer  are  governed  by  the 
incut  volt  ape.  This  is  an  alternating  current  of  souare  shaped  waves 
with  the  frequency  of  the  commutating  voltage  source.  When  the 
polarity  of  the  input  voltage  changes  there  is  a  180°  change  in  the  phase 
of  the  output  voltage. 

The  Balanced,  two  half-oeriod  modulator  (Fig.  VI.  31)  consists  of 
four  electronic  tubes  the  plate  circuits  of  which  are  fed  by  alternating 
current  .  Not  only  triodes,  but  tetrodes  end  pentodes  can  be  used 
as  the  modulator  tubes.  In  each  particular  case  the  type  of  tube  /  U87 
used  is  determined  by  the  amount  of  modulator  amplification  required. 

The  direct  current  voltage  u^is  converted  into  alternating  current 
voltage  u6pix>  with  a  frequency  determined  by  the  source  of  the  commuta¬ 
ting  voltage  in  this  ci rcuit.  in  accordance  with  the  following. 

If  no  input  sign*!  is  a- died  to  the  control  grids  of  the  tubes,  currents 
of  eoual  magnitude  flow  during  the  first  and  second  (positive  and  negative) 
-ialf  cycles  of  commutating  voltage  in  the  secondary  windings  of  the  trans¬ 
former  throurh  t.he  date  circuits  of  the  tubes  JlfJl %  and  As  a 

result,  tho  output  voltage  taken  from  resistances  R8,  R9,  and  R^g  is 
eon*l  to  zero.  '-Jhen  a  ri-c  signal  is  fed  to  the  innut  of  the  modulator 

the  circuit  becomos  unbalanced,  i.e.  the  current  from  tube */I. becomes 
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unequal  to  that  of  tube  J)  j  during  the  first  half-period  of  the  carrier 
freouoney  voltage,  and  the  current  from  tube  J\  %  is  unequal  to  that  of 
tube  JI4  in  the  next  half-Deriod.  As  a  result,  the  output  voltage  u  Bd(x 
determined  by  the  difference  in  potential  between  the  mean  currents 
of  the  secondary  windings  of  transformer  Tp^  is  not  equsl  to  zero. 

The  amplitude  of  voltage  u^^  ,  which  changes  with  the  power  supply 
voltage  frequency  ,  is  governed  by  the  magnitude  of  the  direct  current 
voltage  which  acts  on  the  input  to  the  circuit,  whereas  the  phase  is 
determined  by  the  polarity  of  the  voltage  u  ^  .  When  the  polarity  of 

the  input  signal  chanpes  the  output  voltage  phase  changes  l80°. 

The  linearity  of  the  response  curve  in  the  two  half -cycle  modulator 
circuit  —  the  curve  represents  the  relationship  of  the  output  voltage 
amplitude  to  the  magnitude  of  the  input  voltage  —  is  determined  try 
the  operating  condition  of  the  tubes  and  the  position  of  the  operating 
point  on  the  triode  plate-grid  curves. 


Fig.  VI.  12.  Electromechanical  modulator 

The  magnitude  of  the  unbalanced  output  voltage  when  »  0  ,  which 

characterizes  the  zero  stability  of  the  modulator,  depends  on  the  accuracy 
of  the  potentiometer  R9  indicator  setting.  Tube  replacements  ordinarily 
produce  a  certain  unbalance  in  the  modulator  due  to  differences  in  their 
parameters;  this  unbalance  decreases  with  increased  values  of  load  resistances 
Rr,  R9,  and  Rio. 

Condensers  Ci  and  Cg  act  as  filters  in  the  circuit  and  decrease 
the  amount  of  distortion  in  the  output  voltage  wave  form. 

The  electromechanical  modulator  described  in  Fig.  VI.  32  consists  of 
the  electromechanical  commutator  P  which  is  fed  from  the  commutator 
po-er  sup-  ly  and  the  voltage  amplifier  on  the  triodes  t/Ijand  </lj^  .  /U88 

Contacts  Xj  and  K2  of  the  commutator  are  closed  periodically  as  a 
result  of  which  »  direct,  current  taken  from  the  resistance  R-^  is  fed 
alternately  to  the  control  grids  of  the  tubes. 

The  commutator  period  of  oscillation  is  eoual  to  the  voltage  period  uj{. 
During  the  first  half  period  of  1  he  alternating  voltage  contact  Ki  is 
closed,  *nd  during  the  second  half  period  contact  K2  is  closed.  When 
commutator  contact  Ki  is  closed  the  grid  potential  in  tube  J]  ^  is  de- 
te-miood  bv  the  bi-s  voltage  'R?,  Ci)  and  by  a  drop  in  the  input  voltage 


5*KSSS*3»fc#3»s 


across  resistances  R^  and  that  of  tube  c/I v,  is  determined  only  by  the 
bias  voltage,  'nd  conversely,  when  contact  K2  is  closed  the  grid  poten¬ 
tial  of  tube  <.A  j  is  det.emined  by  the  bias  voltsge,  whereas  the  potential 
on  the  grid  of  tube  tA  ^  is  determined  by  the  biss  voltsge  and  direct  cur¬ 
rent  voltage  drop  across  resistance  Rcj  which  is  enual  to  the  resistance 
of  R^.  As  a  result,  during  epch  half  cycle  of  carrier  frequency  voltage 
the  tube  plate  currents  are  unequal.  During  the  first  half  cycle  the 
current  of  one  tube  is  greater,  and  during  the  next  half  cycle  the  current 
from  +  he  other  tube  is  greater. 


The  plate  currents  of  the  tubes  are  pulsed  and  contain  direct  and  alter¬ 
nating  current  comoonents.  Due  to  circuit  symmetry  or  balance  the  positive 
components  of  the  currents  are  the  same  in  magnitude  but  opposite  in  direction. 
Therefore,  when  flowing  through  the  primary  winding  of  the  input  transformer 
thev  mutually  compensate  one  another.  The  alternating  conponents  of  the 
date  currents  produce  a  magnetic  field  in  the  transformer  which  has  a  souare 
shaped  wave  with  the  periodicity  of  the  conrcutating  voltage  and  initial  phase 
determined  by  the  polarity  of  the  input  voltage. 


A  reversal  in  the  Dolarity  of  the  input  voltage  changes  the  phase  of 
the  alternating  magnetic  field,  as  well  as  the  phase  of  the  output  voltage 
by  180°. 


.Electronic  Amplifiers 

The  electronic  amplifiers  contained  in  the  servo  drives  of  automatic 
azimuth  tracking  syrtems  are  designed  to  amplify  the  error  signals;  the 
orlncioal  function  of  the  amplifier  in  the  servo  mechanism  is  to  amplify 
error  signal  intensity.  Ordinarily,  electronic  anplifiers  in  servo  drives 
are  used  when  the  output  power  is  under  100-1 ?0  watts. 

Electronic  anroiifiors  of  servo  drive  mechanisms  used  in  azimuth  tracking 
gear  classed  as  low  frequency  amplifiers  of  £ 0  hertz  and  above.  Direct 
current-  amplifiers  are  used  when  it  is  necessary  in  the  servo  drive  to  boost 
the  mis-lignment  (error)  signals  which  change  very  slowly  8t  a  frequency 
op  from  0  to  10-12  hertz. 

The  operating  characteristics  of  direct  and  alternating  current  am¬ 
plifiers  include  the  following:  coefficient  of  ardification;  power  8nd 
voltage  on  the  load;  efficiency;  and  distortions  introduced  by  the  amplifier. 
Circuits  of  electronic  amplifiers  used  in  the  servo  drives  of  automatic 
azimuth  tracking  systems  are  shown  in  Figs.  VI.  33-VI.  35. 

The  push-pull  direct  current  amolifier  (Fig,  VI.  33)  responds  not  only 
to  changes  in  the  magnitude  of  the  input  signal  but  also  indicates  its  sign. 
'Icsis+rnce  it-;  in  the  cathode  circuits  oerforms  the  functions  of  a  stabil¬ 
izer  of  the  zero  position  of  the  amolifier  in  addition  to  creating  an 
automatic  bias. 


Fig.  VI.  33.  Push-pull  direct  current  Fig.  VI,  3i*.  Push-pull  alter- 

anplifier  nsting  current  amplifier  with 

d-c  power  suDply 

The  operating  principle  of  the  push-pull  alternating  current  anplifier 
circuits  show  in  Firs.  VI.  3h  and  35  is  similar  to  that  emoloyed  in  a 
push-pull  direct  current  amplifier.  As  was  the  ease  in  the  d-c  anplifier, 
the  alternating  current  amolifier  tubes  operate  simultaneously.  Here, 
in  the  alternating  current  fed  amplifier  they  operate  only  during  the 
positive  half  cycle  of  the  feed  voltage.  If  the  error  signal  u^x  is  equal 
to  zero  the  plate  currents  of  the  tube  are  equal  to  one  another  provided 
the  branches  of  the  circuit  are  symmetrical  with  one  another.  Since 
these  currents  flow  through  the  primarv  winding  of  the  output  transformer 
Tp  in  opposite  directions  the  magnetic  fields  they  oroduce  are  mutually 
cancelled  out  and  uftf,,x  -0.  If  ua*  0  voltpges  that  are  180°  out 
of  p ri^se  act  on  the  grids  of  the  tubes.  Accordingly,  the  plate  current 
increases  in  one  of  the  tubes  wd  decreases  in  the  other;  the  voltage  at 
the  output  of  the  circuit  has  the  same  frequency  as  the  innut  signal.  /&90 


Fig.  VI.  35.  Push-null  a-c  amolifier  with  a-c  power  supply. 

•  vorv  important  advantage  of  -"ash-pull  circuits  is  the  fact  thst  with 
complete  svmmetry  of  the  branch  circuits  the  output  voltage  has  no  even 
Harmonics, 

In  n-c  amplifiers  the  transformer  Tp2  serves  to  match  the  load 
resistance  ify  the  resistance  between  the  plates  of  the  tube  R-. 

Here,  the  necessary  match  is  accomplished  by  selecting  the  right  trans¬ 
formation  ratio. 
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The  condenser  C  in  the  amplifier  circuit  connected  in  parallel  to 
the  primary  winding  of  the  output,  transformer  serves  to  derive  the  greatest 
amount  of  power  from  the  tubes,  The  capacitance  value-  of  the  condonser  is 
selected  such  as  to  resonance  tune  the  circuit  to  the  frequency  of  the 
alternating  current  of  the  power  supply* 

Magnetic  Amplifiers 

Magnetic  amplifiers  jTlO J  are  electromagnetic  devices  which  amplify 
the  power  and  voltage  of  electrical  signals.  Despite  the  multiplicity 
of  magnetic  amplifier  circuits  used  they  are  all  designed  around  the  same 
physical  principle  —  utilizing  the  ratio  of  tho  magnetic  penetrance  of 
ferromagnetic  materials  with  alternating  current  fJ-^t o  the  magnitude  of 
a  magnetizing  field. 
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Fig.  VJ.  36,  A  simple  choke-coupled  amplifiers  a.  circuit;  b.  the 
function  f  (ly);  c.  the  function  I  *  f  (Iy). 

In  its  simpler  aspects  the  magnetic  amplifier  consists  of  a  choke 
with  two  windings,  one  of  which  is  fed  by  an  alternating  power  sourct 
and  the  other  is  connected  to  the  direct  current  power  supoly  (Fig.  VI  #a)« 
The  core  is  simultaneously  magnetized  by  a  direct  current  Iy  flowing  in 
the  control  winding  Wy  and  the  alternating  current  I  $  flowing  /U91 
in  the  winding  Wy  . '  Due  to  the  constancy  of  the  power  source  volt8g&  U  ,-v 
and  the  non-linear  nature  of  the  core  magnetization  curve  the  value  of 
magnetic  penetrance  is  determined  only  by  the  current  of  the  control  winding 
Ty,  The  approximate  form  0^  the  relationship  f  (ly)  for  a  choke 

cowled  amplifier  is  shown  in  Fig.  VI.  36b, 
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At  small  valuer  of  active  resistance  compared  to  the  Inductive  reactance 
of  the  choke  wincing  the  magnitude  of  the  current  I  ^  flowing  through  it 
is  determined  by  the  expression 


/  «JJ=. 


(VI.  61) 


in  which  U  ^  is  the  power  voltage;  u;  L  is  the  inductive  reactance  of 
the  winding  °nd  L  is  the  inductance  of  the  winding, 

0.4.1^,.  s0 
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Sq  is  the  cross  section  of  the  magnetic  circuit;  and  10 
of  the  magnetic  circuit. 


is  the  mean  length 


Increasing  or  decreasing  the  magnetizing  current  results  in  increasing 
or  decreasing  the  current  I  ~  in  the  winding  w  ;  changes  in  the 
current  I  are  considerably  greater  than  the  changes  in  the  current  Iy. 
The  function  1^.  *  f (Iy)  is  the  magnetic  amnlifier  control  characteristic. 
Its  nature  depends  on  the  material  used  in  the  core  ar:d  on  the  parameters 
of  the  emplfier. 

In  a  simple,  magnetic,  choke-coupled  amplifier,  because  of  the  fact 
that  a  reduction  in  the  magnetic  penetrance  fX,  ^is  not  8  function  of  the 
direction  of  current  flow  in  the  winding  Wy  the  response  curve  of 
I  ^  ■  f  (Iy)  is  symmetrical  to  the  ordinaxe  axes  (Fig.  VI.  36c). 

I 

The  current  amolification  factor  of  the  magnetic  amplifier  is  e^ual' to 


(VI.  62) 


and  the  amplification  factor  for  voltage  is 
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in  which 


V 

■y 


is  the  resistance  in  the  control  circuit. 


To  increase  the  gain  in  magnetic  amplifiers  use  is  made  of  ferromagnetic 
nate^als  with  a  very  marked  relationship  between  the  ligand  the  value 
of  the  magnetizing  current  Iy  as  well  as  the  positive  feedback;  this 
means  that  a  certain  portion  of  the  power  of  the  output  circuit  is  used 
to  control  the  magnetic  amolifier  along  with  the  input  signal  that  enters 
the  winding  wy.  Of  the  many  existing  varieties  of  feedback  (external,  /  U92 
internal,  and  crossed)  the  most  commonly  used  in  servo  drives  are  the 
external  and  internal  positive  feedback  systems.  External  feedback  is 
ordinarily  used  with  hiph  voltages  and  small  currents,  whereas  the  internal 
system  is  used  with  small  voltages  and  large  currents. 
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Figc  VI,  37,  Schematic  diagrams  of  the  sinpler  type  magnetic  ampli¬ 
fiers  with  positive  feedback:  a.  with  external  coupling;  and  b,  with 
internal  coupling;  the  function  (ly). 


Diagram:-:  of  simpler  magnetic  amplifiers  with  positive  feedback  are 
given  in  Fig.  VI,  37.  External  positive  feedback  is  obtained  by  introducing 


a  supplementary  positive  feedback  winding  woc  which  is  connected  into 


the  circuit  so  that  a  direct  current  proportional  to  the  load  current  may 
flow  through  it. 


Uy  the  magnetic  fluxes 


woc  are  additive;  this  condition  corresponds  to 
a  change  in  the  polarity  of  the  input  signal  /  1*93 


At  a  particular  polarity  of  the  input  signal 
of  the  windinps  wy  and 
positive  feedback.  With 
magnetic  fluxes  of  the  windings  of  wy  and  woc  act  in  opposite  direc¬ 
tions  thus  weakening  the  resulting  magnetized  field;  this  corresponds  to 
negative  feedback.  In  view  of  the  fact  that  positive  feedback  becomes 
negative  with  changes  in  the  polarity  of  the  input  signal,  magnetic  choke- 
coupled  amplifiers  with  negative  feedback  are  used  only  to  amplify  signals 
having  a  fixed  polarity. 
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feedback  is  accomplished  by  coupling  in  single  half  cycle 
In  series  with  each  of  the  alternating  current  winding  w^. 
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lie  «  ocnsenuenco,  pulsing  currents  flow  in  the  windings  cresting  a  magnetic 
field  feedback.  This  will  be  positive  for  one  poiaritv  of  the  input  signal 
and  negative  for  the  other. 

The  power  amplification  factor  Kp  for  a  magnetic  amplifier  with  feed¬ 
back  can  be  determined  in  accordance  with  the  following 


4*- Kr  = 
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in  which  K0c  *  woc/w _  is  the  feedback  coefficient. 
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The  feedback  coefficient  is  regulated  in  amplifiers  by  changing  the 
numter  of  coil  turns  or  by  bypassing  the  winding  woc  through  shunting 
of  the  feedback  rectifiers  or  by  changing  the  alternating  component  of  the 
magnetizing  force. 

In  the  simpler  single  cycle  choke-coupled  magnetic  amplifiers  with 
positive  feedback  the  no-losd  current  increases  with  an  increase  in 


the  feedback  coefficient  Koc.  In  many  cases  provision  is  made  for  special 
windings  (bias  windings  Wfc)  to  shift  the  response  curve  of  1/%/*  f(Iy)  along 
the  abscissa  axis  in  ord^r  to  decrease  the  current  and  select  tne 

necessary  operating  portion  on  the  control  curve  in  anplifier  circuits. 

The  bias  windings  may  either  be  alternating  or  direct  current  fed. 

The  most  commonly  used  method  is  that  in  which  the  bias  is  obtained  by 
feeding  the  windings  with  a  direct  current. 

Multiple  stage  magnetic  amplifiers  for  servo  drives  are  usually  designed 
as  push-null  circuits  with  st-ges  having  separate  input  and  output 
(Fig,  VI.  3^a);  or  with  common  input  and  output  (Fig.  VI.  38b);  or  with  sep¬ 
arate  and  common  input,  as  well  as  separate  and  common  outputs  (Fig.  VI.  38c). 

/n  advantage  of  the  structured  amplifie.  circuit  made  up  of  stages  with 
separate  input  and  outout  is  the  relative  simplicity  of  matching  the  stages 
and  more  completely  utilizing  the  stages  for  power  yield  and  gain.  The 
drawback  of  such  systems  is  the  marked  influence  the  following  stages  have 
on  the  preceeding  ones  and  the  relative  instability  of  the  circuit  with 
changes  in  the  U  voltage  and  the  temperatu^. 


/  h9$ 


Tne  chief  advantage  of  amplifier  circuits  made  ud  of  stages  with 
common  innut  and  common  output,  i.e.  with  series  connected  wv  windings, 
is  I'.o  lessened  effect  the  following  stages  have  over  the  preceding  stages 
than  is  true  of  circuits  with  separate  input  and  output,  and  the  comparatively 
greater  stability  of  the  amplifier's  characteristics  when  it  is  operating 
under  conditions  other  than  normal.  The  drawback  of  these  structural  diagrams 
5r  their  leaser  amp! if ic-tion  factor  and  greater  complexity  of  design. 

Combination  block  diagrams  of  magnetic  amplifiers  (amplifiers  made  up 
of  both  primary  and  secondary  type  stages)  are  free  of  the  shortcomings  pe- 
g'l’i.-r  '-nolifiers  mving  sl-grr,  with  separate  input  and  output,  and  those 
hav>n>f  stages  with  common  input  and  output.  For  that  reason  they  are  most 
co. '•.only  ;sec  in  servo  cV>ve  mechanisms. 
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Fig.  VI.  39.  Diagrams  of  choke  coils  used  in  the  intermediate  stages 
of  magnetic  amplifiers  with  series  (a),  bridge  (b),  and  parallel  (c) 
coupling  of  rectifiers. 

The  types  of  intermediate  stages  to  be  used  in  multiple  cascade  magnetic 
amplifiers  are  determined  by  the  kind  of  amplifier  circuit  selected.  The 
choke  coil  systems  most  commonly  used  for  the  intermediate  stages  are 
described  in  Fig.  VI.  39a,  b,  c. 

Most  widely  used  in  the  output  stages  of  servosystems  with  alternating 
current  low  and  medium  power  drive  motors  are  feedback  magnetic  amplifiers 
with  differential  and  bridge  circuits.  In  the  case  of  servosystems  with 
high  oower  motors,  bridge  amplifiers  without  positive  feedback  are  most 
commonly  used.  Typical  circuits  of  output  amplifiers  are  shown  in 
Fig.  VI.  hO. 

When  using  a  direct  current  motor  that  is  directly  controlled  by  a  /  h98 
magnetic  amplifier  in  an  automatic  system  of  tracking  for  azimuth  the 
circuit  shown  in  Fig.  VI.  hla  can  be  used  for  the  output  stage  of  the 
magnetic  anrolifier.  When  -the  direct  current  motor  is  controlled  by  an 
electromechanical  amnlfier  the  circuit  shown  in  Fig,  VI,  hlb  can  be  used 
in  the  output  stage. 

Within  the  limits  of  the  linear  portions  of  the  curve  I  ***•  (Iy> 
push-pull  single  stage  magnetic  amplifiers  can  be  regarded,  with  certain 
allowances,  as  aperiodic  elements  with  a  transfer  function 
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mplifier  circuit  without  feedback;  c.  bridge  amplifier  circuit  with  positive  feedback; 
i.  quick  response  full  wave  amplifier  outDut. 


o 


Anplidyne  excitation  windings 
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Fig.  VI.  1*1.  Circuit  diagrams  of  magnetic  amplifier  stages  for  servo 
drives  with  direct  current  motors:  a.  push-pull  circuit  for  direct 
control  of  motor;  b.  differential  circuit  for  control  of  excitation 
windings  of  amolidyne. 


in  which  Ky  is  the  static  voltage  gain  of' the  stage;  T  is  the  time 
constant  or  the  stage  (seconds)  determined  from  the  expression 

^  0.4.iS«Wy  (»y r  I'aiiiji 
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in  which  R  is  the  resistance  of  the  amplifier  control  circuit; 

is  the  differential  magnetic  permeability. 

For  multiple  stage  magnetic  amplifiers  in  which  the  following  stages 
exert  only  a  mild  effect  on  the  preceding  stages  —  this  is  accomplished 
either  through  series  coupling  or  bypassing  the  control  windings  of 
the  stages  with  capacitances  —  the  transfer  function  in  its  general  form 
is  determined  by  means  of  the  expression 


(P)  —  (i"r,p)(l  -•  7‘iOi  ...  (I  i-  T„p) 


(VI.  67) 


in  which  T].,  T2,  T3 
individual  stages. 


Tn  are  the  time  constants  of  the 
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Amplidynes 


The  amplidyne  is  a  direct  current  generator  with  longitudinal  and  lateral 
excitation  caused  to  rotate  bv  a  built-in  direct  or  alternating  current  motor. 

The  following  are  some  of  the  desirable  features  of  the  amplidtyne: 
it  can  be  driven  by  motors  of  up  to  10  kw  in  power;  hss  a  great  power 
amolif ication  coefficient  ( , —  10?  -  10U) ;  capable  of  conparatively  high 
operating  speed;  has  low  operating  power  requirements  (about  1  watt); 
and  has  8  simple  system  for  totalizing  several  cipnals. 

ftmong  the  drawbacks  of  this  type  of  amplidyne  are:  its  reouirement  for 
a  sneciol  svst.em  to  imorove  commutation;  inrtability  of  its  oarameters  due 
to  a  lateral  swort  circuited  circuit  and  a  tendency  to  oscillate  when 
over- compensated.  /  1*99 

Elect rodynes  are  used  in  the  servo  systems  of  automatic  azimuth  tracking 
systems  as  power  pmolifiers  to  control  d-c  drive  motors. 

The  chief  static  features  of  an  amplidyne  include  its  no-load  character¬ 
istic,  which  is  expressed  by  the  ratio  of  the  electromotive  force  E  to 
the  magnitude  of  the  control  current,  and  its  internal  characteristic, 
which  is  expressed  by  the  ratio  of  the  output  voltage  UBd,x  to  the  load 
current  Ih  with  Iy  ■constant,  '’’he  effect  of  controlling  the  magnitude 
of  the  output  power’  is  evaluated  by  the  power  g8in  Kp  which  is  enual 
to  the  ratio  of  the  amplidyne  output  power  to  the  power  fed  to  the 
control  windings 
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in  which  ft,  is  the  resistance  of  the  control  windings;  is  the  load 
resistance  • 

10.  Controlling  Actions  of  Automatic  Systems 
of  Tracking  for  Azimuth 

Automatic  Tracking  Errors 

I 

Controlling  Actions 

In  general,  the  controlling  actions  of  automatic  systems  for  tracking 
in  azimuth  are  the  angular  displacements  of  the  targets  in  two  mutually 
perpendicular  planes:  the  bearing  angle  plane  and  the  elevation  plane 
of  the  target.  If  the  target  travels  at  uniform  speed  in  a  straight  line 
at  constant  altitude  (Fig.  VI.  k 2)  the  changes  with  respect  to  time  of 
the  real  angular  coordinates  of  the  tracked  target  and  their  first  de¬ 
rivatives  are  determined  by  the  following  expressions: 


(VI.69) 

(VI.70) 

(VI.7!) 

(Vl.72) 


in  which  Vu  is  the  target  velocity;  H  is  the  flight  altitude  of  /  500 
the  target;  p  is  the  course  parameter. 

Course  parameter  is  defined  as  a  segment  of  a  straight  line  perpen¬ 
dicular  to  the  target's  course  projected  on  the  horizontal  plane  and 
nassing  through  the  p^.'nt  where  the  automatic  azimuth  tracking  system 
is  positioned. 
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Fig.  VI.  ii2.  Uniform  rectilinear  movement  of  target  at  constant  altitude 
(a);  graphs  of  changes  in  angular  coordinates  and  first  derivatives 
from  them  (b,  c). 

Errors  in  Automatic  Systems  of  Tracking  For  Azimuth 

Automatic  azimuth  tracking  system  errors  are  divided  into  those  caused 
by  the  controlling  actions  and  fluctuating  or  random  errors  resulting  from 
the  effects  of  interfering  signals  (static),  noises,  parasitic  changes  of 
target  pulse  parameters,  etc. 

Errors  du9  to  changes  in  the  coordinates  of  a  target  describe  the  ac¬ 
curacy  of  an  automatic  tracking  system  for  a  specific  channel  with  normal 
operating  changes  of  input  effect.  Because  of  the  identical  characteristics 
of  the  channels  for  target  bearing  anrte  tracking  and  tracking  in  elevation 
the  overall  angular  error  of  the  system  is  V  2  times  greater  than  the 
error  of  one  channel.  /  $01 

The  magnitude  of  total  error  for  a  specific  system  for  any  of  its 
channels  denends  on  the  parameters  of  the  system  and  the  principles  under¬ 
lying  ch-nges  in  a  particular  action,  i.e.  ft  (t)  or  £(t).  The  total 
amount  of  system  error  for  any  channel  is  determined  by  the  expression 
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in  which  AX(t)  is  the  Automatic  tracking  error  for  a  particular  coordinate; 
Xe*(t)  is  the  input  signal  of  the  system;  CQ,  C^,  C?,  and  C3  are  the 
error  coefficients  computed  through  the  use  of  the  formula 
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in  which  W(p)  is  the  transfer  function  for  a  particular  channel  of  an 
open  system. 

The  first  member  of  the  series  in  VI.  73  determines  the  static  error; 
the  second  determines  the  dynamic  velocity  error;  and  the  third  member 
determines  the  dynamic  acceleration  error,  etc. 

Automatic  systems  of  tracking  for  azimuth  with  first  and  second  orders  of 
astaiism  are  used  in  field  operations.  The  error  coefficients  of  such 
systems  have  the  following  values: 

for  systems  with  first  order  astatism 

r  _n-  r  -  1  .  r  — 
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For  systems  with  second  order  astatism 

C9  —  Ct  —  0;  C»  ~jr , 

in  which  K  is  the  transfer  constant  of  an  open  automatic  tracking  system; 
tp  max  is  the  maximum  time  constant  of  the  system. 

therefore,  with  acceptable  values  of  stability  reserve, accuracy  in 
tracking  targets  by  angular  coordinates  with  automatic  azimuth  tracking 
systems  is  governed  by  the  magnitude  of  the  transfer  constant  and,  therefore, 
by  the  effective  passband  AFd .  The  latest  tracking  systems  have  K  values 
running  to  the  several  hundreds. 


In  this  case  the  passband  of  the  s®rvo  system  is  equal  to 
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The  speed  of  operation  of  a  system  and  the  tracking  error  coiqponents 
due  to  the  effects  of  interfering  signals  are  dependent  upon  the  effective 
passband.  The  wider  the  AF3  the  higher  the  speed  of  operation  of  the 
system  and,  therefore,  the  smaller  the  dynamic  automatic  tracking  errors 
of  a  maneuvering  target.  At  the  same  time,  the  various  kinds  of  inter¬ 
ferences  exert  a  stronger  effect. 
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For  optimal  frequency  characteristics  the  stabilization  time  in  a  system 
( reeoonsi veness  of  a  system)  is  related  to  AF  ^  by  the  expression 
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The  magnitude  of  random  errors,  i.e.  errors  showing  up  in  automatic 
azimuth  tracking  systems  due  to  the  effects  of  various  disturbing  factors , 
is  assessed  by  their  mean  sousre  values  in  terms  of  the  spectral  density 
of  perturbation  and  by  the  transfer  function  of  the  system  determined 
with  respect  to  the  point  of  application  of  a  particular  disturbance 
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in  which  Qi  is  the  mean  square  error  of  the  system  due  to  the  i-th  dis¬ 
turbance;  A  a.  (jco)  is  the  transfer  function  of  the  system  with  respect 
to  the  disturbance ,  and  (CO )  is  the  spectral  density  of  the  i-th 
disturbance. 

Automatic  systems  of  tracking  for  azimuth  have  a  sufficiently  narrow 
passband  AF 3  which  falls  within  the  limits  extending  from  0  to 
hertz.  Therefore,  in  the  first  approximation  the  error  value  due  to  some 
disturbance  of  a  statistical  nature  c*n  be  determined  as 
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in  which  Sj(o)  is  the  spectral  density  of  the  i-th  disturbance  on  the 
zero  frequency  of  the  system. 

Tne  total  error  of  any  automatic  azimuth  tracking  system  is  the  mean 
sousre  value  of  aU  the  errors. 
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